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IN MANURE AND MANURE-AMENDED SOILS 
Mara Zelt, M.S. 
University of Nebraska, 2019 
Advisor: Amy M. Schmidt 
The emergence of antibiotic resistance (AR) is a growing global threat to human 
and animal health. The work described here asses the AR mitigation potential of 
management strategies at critical control points in livestock production, and agricultural 
land management as well as the effectiveness of a communication strategy to convey 
research-based information to empower behavioral change that could mitigate AR. 
The first study evaluates the impact of beef cattle diet management strategies on 
AMR prevalence in manure. Two treatments – forage concentration and essential oils – in 
cattle diets were evaluated for their impact on AMR bacteria in feedlot manure. The 
second study documents the persistence of AR bacteria and AR genes in agricultural soil 
following fertilization by freshly scrapped beef feedlot manure, beef manure stockpiled 
for 6 months prior to application, composted beef manure, and inorganic fertilizer, to 
determine the risk of AR bacteria or gene transfer to crops fertilized by animal manures. 
This work also sought to assess the impact of social media outreach by a newly 
developed national extension team focused on AR education called iAMResponsible. 
Results indicate that the inclusion of essential oil in cattle diet does not impact AR 
resistant populations in manure and that a conventional, low-forage finishing diet yields 
manure with an equal or reduced concentration of AR bacteria to cattle receiving higher 
levels of forage in their diet. The type of fertilizer applied had little or no lasting effect on 
the prevalence or concentration of AR bacteria or genes in agricultural soils. Social media 
outreach for the nationwide extension network iAMResponsible has proved effective for 
disseminating research-based information but should be paired with targeted 
programming for non-expert audiences. AR continues to be a source of concern for 
human and animal health; however, this work did not identify any reliable management 
methods for mitigating AR in animal environments or to significantly reduce any 
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1 Review of the literature 
1.1 Introduction 
This review describes 
(i) the mechanisms of antibiotic resistance (AR) and an assessment of the 
current associated health crisis; 
(ii) the ways in which land-applied livestock manure, specifically that 
originating from beef feedlot production systems, may contribute to the 
proliferation of AR; 
(iii) potential approaches for mitigating AR in beef systems; 
(iv) knowledge gaps and research needs necessary to mitigate AR risks 
associated with livestock production and to define a link between AR in 
animal production systems and bacterial infection treatment failure in 
humans; and, 
(v) an examination of communication strategies for transferring scientific 
knowledge gained by this or similar work to audiences most vital for 
effecting positive behavior changes. 
1.2 Antimicrobial Resistance 
1.2.1 Growing AR Crisis  
Antimicrobial resistance is a severe and a growing global threat to public health. 
Annually, an estimated 700,000 deaths occur worldwide due to AR infections (CDC, 
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2013). In the United States, at least 2 million new cases of AR infections are documented 
annually, and nearly 35,000 people die from the infections, with many additional deaths 
resulting from AR infection-related complications (CDC, 2019). O’Neill and RAR (2016) 
anticipate that if current trends persist, deaths caused by AR infections worldwide will 
rise to over 10 million annually by 2050. Given the health impacts of the problem, it is 
imperative to understand the cause of the crisis and to identify practices that are effective 
in mitigating the health effects of AR.  
1.2.2  Mechanisms of AR Proliferation 
AR is a naturally occurring phenomenon. Resistance genes were identified in 4 of 
30 E. coli and 11 of 433 Enterobacter strains isolated between 1917 and 1952, before the 
widespread use of antibiotics (H. K. Allen et al., 2010). Similarly, a study at Nine-Mile 
Prairie in Southeast Nebraska, one of the largest intact tracts of tallgrass prairie in the US,  
found AR bacteria in soil with no history of human influence (Durso et al., 2015). Many 
antibiotics have originated in compounds released by soil microbes. Thus, soil-dwelling 
bacteria have a long history of exposure to antibiotic compounds compared to other 
bacteria (Clardy et al., 2009). The long exposure has resulted in unusually high levels of 
intrinsic AR in non-clinical settings. Cox and Wright (2013) reported that antibiotic-
producing organisms developing natural resistance long predate the modern antibiotic 
era. Thus, many soil bacterial species have resistance independent of the selective 
pressure of an antibiotic or gene transfer. Hollenbeck and Rice (2012) observed intrinsic 
resistance in Enterococci spp. to four classes of antibiotics, which is one of the reasons 
Enterococci are one of the nosocomial (hospital-related) pathogens of most concern. 
Such natural resistance does not necessarily reduce the risk associated with 
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environmental AR. Indeed, there has been some concern that the transfer of ARGs from 
environmental organisms to clinical species could transfer the incidental nature of 
resistance as well, resulting in resistant infections that are even more difficult to control 
(K. J. Forsberg et al., 2012). 
The specific mechanics of AR development help explain the natural occurrence of 
AR in soil environments. AR develops in some bacteria during the millions of DNA 
replications that occur during microbial growth. The replication mechanism is not 
perfect, and therefore, mutations can occur (Wong, 2017). As a result, in any large 
population of microbes, some individual organisms are likely to carry resistance 
precursor genes, which can mutate into resistance to modern antibiotics under stress 
(Wright, 2007). However, human activity can accelerate the emergence and spread of 
these resistant populations, specifically through the widespread use of antimicrobial 
products (Hay et al., 2018). When exposed to an antimicrobial, most microbes are 
susceptible to the effects and will die or no longer reproduce. However, the subset of AR 
individuals that are able, by a genetic mutation, to tolerate the antimicrobial effect will be 
left to thrive in the absence of competition from the impacted individuals. This 
phenomenon, known as “selective pressure” does much to elucidate the unique 
circumstances of AR in the soil microbiome and explains how the use of antimicrobials 
encourages AR proliferation.  
1.2.3 Antibiotics in the Environment 
Given the importance of antibiotics for applying selective pressure on bacterial 
populations, one of the principal areas of focus in AR studies has been the fate and 
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transport of antibiotics – although antibiotics are not the only driver of AR in 
environmental settings. In the environment, one determinate of the level of AR bacteria is 
the presence of biologically active antibiotic compounds. The presence of antibiotics can 
induce significant bacterial mutation, a natural bacterial response to stressors. Moreover, 
because many antibiotics are easily water-soluble, they tend to be the most mobile AR 
factor, entering ground or surface waters following rainfall or irrigation on manure-
amended soils (Bartelt-Hunt et al., 2011; Hirsch et al., 1999). An increasing 
concentration of antibiotics in surface water has paralleled increasing concentrations of 
ARG in freshwater as well (Kemper, 2008; Luo et al., 2011; Singh et al., 2019). 
The addition of modern clinical antibiotics to natural environments, in 
concentrations above natural levels of the precursor compounds, has had an impact on 
environmental bacterial populations, plants, and animals while creating new pools of 
ARGs among wildlife, plants, groundwater, surface water, and soil (Heuer et al., 2011). 
Agricultural soils are increasingly a reservoir of ARGs. While soil is a natural source of 
antibiotics, the persistence of additional clinical forms of antibiotics in the soil is 
concerning. How long antibiotics remain viable in the soil varies significantly depending 
on the antibiotic type, soil temperature, exposure to light, soil organic matter, or soil pH 
(Bondarczuk et al., 2016; Kümmerer, 2009; Tasho and Cho, 2016). The effect of these 
increased levels of antibiotics in the soil will tend to increase AR, which can remain high 
for several weeks following the application of animal or human wastes (Pornsukarom and 
Thakur, 2016). 
In situations where antibiotics have degraded to the point they are no longer 
active, a decline in ARGs can generally be observed because ARGs incur a fitness cost 
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when no antibiotics are present. Andersson and Hughes (2010) observed reduced growth 
rates of AR bacteria in environments devoid of antibiotic compounds due to the energy 
required by the bacteria to maintain resistance mechanisms. 
However, it may be difficult to correctly ascribe a cause of growing ARG in 
environmental settings because, in addition to antibiotics, human and animal wastes 
contain high concentrations of heavy metals. Research has demonstrated increased 
presence of ARGs in bacteria subject to high concentrations of heavy metals (Baharoglu 
and Mazel, 2014; Bondarczuk et al., 2016). Metals have some of the same mutation 
inducing effects as antibiotics, and tend to accumulate more readily in ecosystems 
(Chaudri et al., 1993; Fortuna et al., 2012; Walter et al., 2006). 
1.2.4 The Role of Genetic Transfer in AR Proliferation 
Compounding the problem of AR proliferation is the ability of microbes to 
transfer genes between cells or to incorporate genes from lysed cells. Antibiotic 
resistance genes (ARG) are the small portions of genetic material that encode for AR. A 
cell that once developed ARG by genetic mutation is then a source of ARG, capable of 
transferring the genetic material that codes for resistance to other bacterial cells. The 
result is highly mobile genes for resistance traits that have developed to counter the 
antimicrobial mechanics of all 15 classes of antibiotics currently available (Levy and 
Marshall, 2004). While previously detected in soil microbes, more recently, ARGs 
capable of transferring AR between benign and pathogenic bacteria were detected in 
manure communities as well (Kemper, 2008). Moreover, there is evidence that ARGs 
persist even following the death of the host cell, leaving the genetic material available to 
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transfer to living microorganisms and be transported in the environment after host cell 
lysing (Calero-Cáceres and Muniesa, 2016).  
Just as chemicals and environmental conditions can drive bacterial mutation, they 
can also influence gene transfer. Research has demonstrated ARG transfer in soil under 
pressures including exposure to heavy metals in stainless steel (Warnes et al., 2012) and 
electrical current (Kotnik, 2013). In general, the diversity of AR organisms, drivers of 
AR development and mechanisms impacting ARG transfer are all greater in non-clinical 
settings, making the environment a significant potential reservoir for novel AR species of 
clinical concern. However, the transfer of ARGs in environmental matrices to pathogens 
of clinical concern is still not well understood (Perry and Wright, 2013).  
1.2.5 Pathway to AR infection: The Food Supply 
Microbial life is ubiquitous on earth. While most species are harmless – even 
essential to human life – a select few microbial species are pathogenic. One of the most 
common types of malady impacting human or animal health is foodborne illness caused 
by pathogenic bacteria. Potentially pathogenic bacteria are common across animal and 
human gut microbiomes and can be spread through contamination by fecal material. 
Hazard Analysis Critical Control Points (HACCP) is a management program used to 
minimize food safety risks associated with chemical, biological and physical 
contaminants. Practices implemented in food processing systems to mitigate bacterial 
risks do not differentiate between pathogenic and non-pathogenic bacteria, or between 
resistant bacteria and those bacteria that are not resistant. Therefore, this rigorous 
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program is a critical aspect of ensuring that AR bacteria and ARG are not present in the 
food supply.  
However, there remain several potential mechanisms for AR bacteria or genes to 
enter the food supply. AR bacteria could develop during food processing, as 
demonstrated by a study of dairy, fish, and meat processing facilities in British Columbia 
during which AR was observed in all Listeria spp. samples recovered from the processing 
environments (Kovacevic et al., 2013). AR could also enter the food chain through foods 
of animal origins should ARG, AR bacteria, or antibiotics persist despite HACCP 
practices. However, work by Schmidt et al. (2015) found a very low prevalence of AR 
organisms in carcasses and none in meat cuts from animals fed sub-therapeutic doses of 
antibiotics.   
Another potential pathway for AR to enter the food supply is via the transfer of 
AR from animals to food through the use of manure as a fertilizer, especially for organic 
food production.  K. J. Allen et al. (2013) found AR in roughly 20% of fecal bacteria 
present in organic vegetable samples. Durso and Cook (2014) describe manure as “the 
critical conduit connecting agricultural systems to human health outcomes” and go on to 
discuss the importance of manure for moving AR not only from animals into the food 
supply but also to environmental populations. Alternatively, Berman and Riley (2013) 
found evidence of unique (non-transferred) resistance from bacteria commonly found in 
samples of fresh spinach in retail settings. Still, while AR originating in livestock can be 
a source of AR for environmental communities, the link to human pathogenic infection in 




1.2.6 Antibiotics Use Policies 
Due to the increasing frequency and severity of AR in clinical settings, and the 
potentially devastating impacts to livestock health and production, many governments are 
taking a precautionary approach to AR in agricultural settings, increasing the importance 
and implementation of management strategies that may reduce the prevalence of AR 
bacteria and ARG in livestock systems. Beginning in the 1980s, Norway banned the use 
of antibiotics in fisheries necessitating the development of economical fish vaccines 
(WHO, 2015b). In the United States the FDA expanded the regulations on antibiotic use 
in livestock in 2017, and is considering doing the same for companion animals in 2020 
(FDA, 2019). The European Union also passed their own regulatory framework in 2016 
to monitor veterinary antimicrobial consumption in all countries in the Union, and in 
2011 the EU established the Joint Programming Initiative on Antimicrobial Resistance to 
curb AMR with a one health approach, considering therapeutics, diagnostics, 
surveillance, environment and interventions in antimicrobial use across all sectors (EMA, 
2017; JPIAMR, 2017).   
1.3 Animal Agriculture and Manure Management Practices 
1.3.1 Beef Cattle Production 
In 2016, just over 30 million beef cattle were finished in animal feeding 
operations (AFOs) in the United States (USDA-NASS, 2017). By regulatory definition, 
an AFO is any agricultural livestock or poultry operation that confines any number of 
animals for 45 days or more in a 12-month period to an area that cannot sustain 
vegetation. Much of the beef cattle production in the U.S. occurs in concentrated animal 
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feeding operations (CAFOs), which are AFOs having a capacity for housing 1,000 or 
more beef cattle. In the United States, the final stage of beef cattle production most 
frequently is accomplished by moving adult animals to a feedlot – an area of land having 
no vegetation where animals are grouped within fenced pens – to finish the animal before 
harvest. Finishing cattle refers to a change of diet that the animals receive at a feedlot that 
encourages efficient deposition of muscle and fat. The United States Department of 
Agriculture Natural Resource Conservation Service (USDA-NRCS) estimates that adult 
beef cattle produce roughly 28 kg of manure per day (Lorimor et al., 2004). As a result, 
over 150 million tons of manure is produced annually in feedlot systems, most of which 
is applied to agricultural land as fertilizer. The concentration of manure produced in a 
feedlot or other confined animal housing system can create environmental concerns. In 
particular, collection and storage of manure and wastewater must be carefully managed to 
avoid discharges to surface water. Land-application of manure must also be carefully 
planned and managed to limit the risk of non-point source pollution as field runoff. In 
addition, application of manure could be a means of introducing AR to agricultural soil 
since management strategies for handling and applying manure are not designed with AR 
discharge reduction in mind. 
1.3.2 Antibiotic Use in Animal Production 
A common practice in food animal production is the use of antibiotics to prevent 
common diseases and to enhance feed efficiency. The practice of in-feed antibiotic use 
for growth promotion began in response to research that demonstrated a low dose of in-
feed antibiotic had beneficial economic outcomes in beef production. For example, 
research conducted by Potter et al. (1985) found that feeding beef cattle low doses of 
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monesin (33 ppm) or tylosin (11 ppm) could improve feed efficiency or average daily 
gain, while also limiting liver abscesses.  Recent regulatory policies have been 
implemented in the US and the Europe Union to reduce the use of antibiotics in livestock 
production at sub-therapeutic rates for enhancing animal growth. Effective in 2017 the 
US Food and Drug Administration (FDA) expanded the Veterinary Feed Directive (VFD) 
to limit the use of medically important (a class of antibiotic used in human medicine) 
antibiotics in animals to therapeutic applications only and to require veterinary oversight 
for use of any medically important antibiotic. Prior to this rule change estimates for 
antibiotic use in animal agriculture ranged from 8 to 12 million kilograms annually 
(Landers et al., 2012), however following the expansion of the VFD sales of medically 
important antibiotics for livestock animals has fallen by more than 30% (Center for 
Veterinary Medicine, 2017). However, while antibiotic use in animal production is on the 
decline it is necessary to consider the significant portion of antibiotics given to animals in 
feed or water that are not absorbed in the animal’s digestive system and end up in the 
manure  – estimates of antibiotic compounds excreted in manure range between 30 and 
90%  (Sarmah et al., 2006).  Antibiotics remaining in manure can maintain a selective 
pressure on bacterial populations in livestock, manure storage, or agricultural soil 
environments, thus encouraging AR species to persist and profligate outside of the 
animals initially administered antibiotics (Joanne C. Chee-Sanford et al., 2009; Halling-
Sørensen et al., 2002; Joy et al., 2013). While antibiotics do degrade during manure 
storage, Winckler and Grafe (2001) estimated that manure applied as fertilizer to fields 
was adding several kilograms per hectare of antibiotics to agricultural soils in the United 
States. However, the effect of antibiotics on AR in beef cattle manure has shown mixed 
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results. In one study, Agga et al. (2016) found that the prevalence of AR E. coli in cattle 
manure increased only during the first few days following antibiotic treatment, and 
dissipated over time. In a second study the same year Agga et al. (2016a) found that 
antimicrobial use was not a primary driver of the presence of AR bacteria in fecal 
samples of beef cattle. Work by Doster et al. (2018) showed a similar result, finding that 
“transition into the feedlot … may exert a greater influence over fecal resistome and 
microbiome of feedlot cattle than antimicrobial treatment.” However, while none of these 
studies found a clear link between antibiotic administrations to AR concentration in 
manure, in all cases the concentration of AR bacteria and genes in manure was 
significant. Subsequent work into the resitomes of the livestock housing environments by 
Agga et al. (2019), among others, has found heightened levels of ARGs in animal feeding 
areas, which dissipates over time after animals are removed but can linger for years. 
Accordingly, whatever the direct impact of antibiotic administration on AR in animal 
manures, it is evident that animal manures leaving animal housing environments can 
contain significant levels of antibiotic residues, AR bacteria and genes.   
1.3.3 Manure Management Practices 
In the United States, all animal feeding operations must follow Environmental 
Protection Agency (EPA) and state regulatory requirements when handling manure. 
These regulations are designed to protect surface water quality by outlining requirements 
for the collection, storage, and utilization of livestock manure to prevent point source 
discharges of manure from a livestock production facility. They also stipulate the 
planning and execution of manure application to meet agronomic crop needs.  
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In a beef feedlot setting, manure is deposited by animals in pens during their 
finishing phase and pen surfaces are scraped to remove accumulated manure between 
each new production cycle of cattle. Additionally, all rainwater that comes into contact 
with surfaces within a livestock facility must be collected and applied to agricultural land 
via irrigation at such a time when runoff from agricultural fields will be minimal and 
nutrient uptake maximized. Manure may be stored for days to months in stockpiles or 
applied immediately to agricultural land, though a small portion of producers may replace 
traditional stockpiles with windrow composting. When conditions are favorable (e.g. no 
growing crop is present, soil is not saturated, frozen or snow-covered, etc.), manure is 
applied to land via broadcasting (applied to the surface), incorporation (broadcasting 
followed by minimal to moderate tillage), injection (placement of liquid manure in 
shallow trenches or holes placed in the soil using an implement), or irrigation 
(distribution of low solids content liquid manure, or “effluent”, using sprinklers or gated 
pipes), and should not exceed a rate greater than the nitrogen requirements of the crop 
(Koelsch et al., 2003; Reynolds et al., 2002), and for liquids, the infiltration capacity of 
the soil. Continuous development and refinement of best management practices for 
manure handling to optimize nutrient utilization and minimize potential environmental 
risks has also proven effective for controlling AR fate and transport, though other 
potential practices deserve further research.  
1.4 Agricultural Antibiotic Resistance Intervention Strategies 
Despite potential risks for AR contamination of food products and the 
environment that may be presented by livestock manure, there are several intervention 
strategies with potential for mitigating AR risk in agricultural settings. Several studies 
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found that ARGs are most prevalent where bacterial populations are substantial, which 
suggests microbial community interaction is vital to the proliferation of AR (Durso et al., 
2012; K. J. Forsberg et al., 2012; Xu et al., 2016). Therefore, manure management 
strategies that incorporate one or more controls on total microbiological proliferation 
have the potential to mitigate the risk of contamination from fecal AR bacteria or the 
genes they leave behind.  
1.4.1 Composting Manure 
Most bacteria initially present in excreted manure are mesophilic and anaerobic, 
meaning they would not survive in high temperatures or oxygenated environments. Thus, 
manure treatment practices that involve elevated temperatures have the potential to 
reduce concentrations of AR bacteria before land application, thereby limiting the 
potential for increasing environmental AR. However, heat alone is not sufficient because 
complete degradation of DNA requires temperatures higher than 90°C, which tends to be 
infeasible in an agricultural setting. Thus, composting, which combines elevated 
temperature and aerobic treatment is a common treatment for removing pathogens from 
beef manure (Larney and Hao, 2007). 
Composting of manure increases heat generation during manure storage by 
maintaining aerobic conditions that expedite the degradation of organic matter by aerobic 
bacteria and encourage the stabilization of plant nutrients (Larney et al., 2006). Multiple 
studies have also found that composting manure reduces potential pathogens (Larney et 
al., 2003; Larney and Hao, 2007). Composting manure can also be used to mitigate 
antimicrobial transfer to agricultural soil (Amarakoon et al., 2016). Moreover, despite 
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internal temperatures not reaching what is required to denature DNA (90°C), some 
studies have found composting was effective at reducing the copies of ARG present in 
composted material (Selvam et al., 2012; R. Sharma et al., 2009; Xu et al., 2016) and 
antibiotics in manure (Cessna et al., 2011; Dolliver and Gupta, 2008; Xu et al., 2016).  
Xu et al. (2016) considered the cause of the reduction in ARGs during composting to be 
due to a reduction in the selective pressure excreted by antibiotics on bacterial 
populations, thereby reducing the survival benefit of passing on an ARG, in combination 
with the natural degradation of remaining DNA molecules by enzymatic activity during 
the storage period. 
Stockpiled manure experiences some increase in temperature as bacteria present 
in the manure reproduce, consume carbon and respire, producing oxygen and heat, and 
transforming carbon and nitrogen in the manure during the first part of the storage period. 
However, without frequent re-oxygenation by turning the material or the addition of 
carbon and moisture to maintain conditions necessary to support microbial activity, there 
is a significant difference in the magnitude of temperature rise and pathogen treatment 
that is achievable (Larney et al., 2003; Sura et al., 2014).  
1.4.2 Dietary Inclusion of Essential Oils  
As previously discussed, antibiotics had traditionally been added to beef diets to 
reduce disease, increase average daily gain, and improve feed efficiency. Recently, there 
is a renewed interest in using plant extracts as feed additives as an alternative for feeding 
antibiotics for growth promotion and general animal health (Cheng et al., 2014; Diaz-
Sanchez et al., 2015; Gallois et al., 2009).  
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Essential oils, volatile organic compounds derived from a wide variety of plants, 
have already been considered for use in the industry as growth promotion and found to 
have similar health effects as feeding tylosin (Meyer et al., 2009). In one study, essential 
oils were shown to improved rumen metabolism of proteins by effectively inhibiting 
select NH3 producing bacteria (McIntosh et al., 2003). Essential oils have also shown 
antioxidative and anti-inflammatory effects attributable to binding ion catalysts, 
decomposing peroxides, and radical scavenging (Tsai et al., 2013). Essential oils have 
also shown very broad antimicrobial activity, for example mint oils were observed to 
decrease microbial populations of both gram negative E.coli and gram positive 
Staphylococcus aureas in minced meat by more than 50% (Djenane et al., 2012). 
Therefore, it is logical to assume that the addition of essential oils to animal feed could 
prove not only a viable alternative to antibiotics for animal feed but also a mechanism for 
AR suppression. 
1.4.3 Dietary Forage and Ruminal Function 
Cattle are ruminant animals, having a unique gastrointestinal system suitable for 
efficiently digesting high cellulose diets. The rumen is the first compartment of the 
animal's four-chambered stomach and is home to millions of bacteria and protozoa 
engaged primarily in fermentation and methanogenesis. Byproducts of these microbial 
activities, such as essential vitamins and volatile fatty acids, are absorbed through the 
rumen wall for use by the animal. Because non-native bacteria undertake the digestive 
processes occurring in the rumen, significant research has been done to identify 
management strategies for domestic ruminant species to improve animal health outcomes 
through dietary change.  
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The introduction of forage into cattle diets of young ruminants is vital to the 
establishment of the rumen, the rumen microbial community, and the long-term health of 
the animal (Zou et al., 2018). One reason for this is that diets rich in forage (as opposed 
to high-energy, high-grain diets) improve microbial protein synthesis in the gut (Nathani 
et al., 2015). High-forage diets are seldom used to finish cattle in feedlots, though, 
because ruminal health does not generally outweigh the economic losses due to a lower 
average daily weight gain when compared to animals given low-forage, high-energy 
diets. However, given the documented impacts of forage on the ruminal microbiome, 
increasing forage in finishing diets could impact AR development in the animals and 
thereby reduce the environmental risk associated with an animal feeding operation. 
1.4.4 Managing the Soil Microbiome 
There remains one useful mechanism to combat manure-sourced AR 
contamination of food or the environment that has yet to be considered: the soil 
microbiome. Thus far, the emphasis presented herein has considered mechanisms to 
reduce AR populations and ARG dissemination within the digestive system or by waste 
treatment. However, another mechanism for AR mitigation is to re-introduce competition 
for AR populations because AR increases due to a reduced competition for resistant 
species in the presence of antimicrobials.  Competition for AR species will increase when 
manure is applied to soil because soil is home to one of the most diverse and plentiful 
microbial communities of any environment. 
The soil microbiome is large and highly diverse, and the application of manure to 
agricultural land has long been shown to benefit the proliferation of these species. Several 
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studies have shown that manure application generally increases microbial biomass in soil, 
largely because unlike inorganic fertilizers manure also contains carbon, which is the 
fundamental element of the soil food web (Giacometti et al., 2013; Lazcano et al., 2012; 
B. Li et al., 2015). However, manure application has had more mixed effect on microbial 
diversity. In a review of work on soil health implications of manure application Schott 
and Millmier-Schmidt (2016) reported that manure application did not tend to increase 
microbial diversity in soil. However, Zhong et al. (2010) found that the application of 
organic manures did significantly increase functional diversity indices in soil after 20+ 
years of application.  
Conversely, the presence of a healthy microbiome provides the opportunity to 
transfer ARGs to new microbial populations. Studies have demonstrated that the 
introduction of manure increased AR in native soil bacterial populations (Peng et al., 
2017; Udikovic-Kolic et al., 2014a). However, these studies utilized fresh manure 
applications; therefore, it is unknown whether the increase in ARGs occurred due to the 
transfer of material from manure or due to an increase in the native AR populations in 
response to the addition of carbon and nutrients to the soil. Because manure application 
to agricultural soils is frequently performed in the fall, leaving several months of 
interaction with soil populations before any interaction with crops, it is vital to examine 
how AR bacteria and ARG persist in soil over time following manure application in order 
to define the potential for food contamination via direct contact with contaminated soil. 
Likewise, with fall application of manure, it is important to understand what potential 
risks may remain for losses of AR bacteria and ARGs to aquatic environments as a result 
of precipitation events in the following spring. However, regardless of research outcomes 
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mitigating AR from agricultural settings there is one element that must be improved to 
mitigate AR and risk of AR infection in almost any setting: scientific communication  
1.5 Scientific Communication & Outreach 
 The World Health Organization (WHO) emphasized five critical elements in its 
Global Action Plan on AR: (1) improving awareness and understanding of AR; (2) 
research and microbial surveillance to enhance knowledge of AR mechanisms and 
transport; (3) infection prevention; (4) optimal use of antibiotics; and (5) investment in 
development of new antibiotic drugs (WHO, 2015a). Outreach intended to improve 
awareness and understanding of AR is arguably as vital to combating antibiotic 
awareness as is research enhancing the knowledge of links between environmental and 
clinical AR. To most effectively improve general understanding of AR, it is vital to 
consider the most effective communication strategies and outreach context. 
Communication may be considered, by the scientific community, as an artistic 
area of study, easily disregarded as a vital element of a scientific endeavor. One of the 
reasons communication is less regarded is the difficulty in translating very technical 
topics into language that can be both readily understood and still captures the 
complexities of the topic area. The result of this challenging dichotomy is that the effort 
to translate scientific concepts for a general audience is not attempted. However, it has 
become more and more vital to add communication to the scientist's toolkit, 
communication that can not only reach their fellows in academia but can speak to a 
general audience. Accordingly, improving scientific communication is essential to 
combatting AR around the world. 
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1.5.1 Communication Strategies 
The first step in connecting to audiences is building trust. Fortunately, trust in 
scientists is generally stable. Still, recent discussions on climate change, among other 
topics, have begun to polarize the scientific community from large portions of the 
population. One of the reasons for this growing schism could be the perception of 
motives of scientists or experts which may be thought to diverge from their audience. 
Perceived motives are known to have very significant impact on trust (Rabinovich et al., 
2012). However, in large part, the mechanism for such perception is social; audiences are 
most receptive to messages from someone they perceive to be similar to themselves in 
background or worldview. This phenomenon has been researched extensively in the 
context of political messaging, where it has been observed that people are most likely to 
trust messages that reinforce what they already believe rather than messages which 
present information supporting and opposing narrative (Colleoni et al., 2014; Mutz and 
Martin, 2001; Noveck, 2000). Such isolated information gathering explains why 
scientific understanding is not always sufficient to ensure the acceptance of evidence-
based findings (Braman et al., 2012). Thus, effective communication of scientific 
information could be said to rely on a closer partnership of academia to communities, a 
partnership that fosters trust and breaks down information silos. University extension is 
well adapted to such community and trust building activities. 
1.5.2 Extension Model 
Educational programming to stakeholder communities in the state under the aegis 
of Cooperative Extension is one of the three pillars of the land-grant system in the United 
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States. Extension programming seeks to communicate and demonstrate the scientific 
knowledge gained by research through educational programming and outreach for 
citizens of all ages state-wide. Extension is vital for technology transfer from research to 
application and has been and will continue to be essential to the promotion of sustainable 
agricultural practices and healthy communities across the US.  
AR is a relatively new topic of concern within the agricultural community, thus 
has been under examined in current extension programming. Outreach efforts should 
combine messaging from each of the elements of WHO's action plan: (i) improve 
awareness of the problem, (ii) translate research to applicable practices for stakeholders, 
(iii) improve infection prevention practice among livestock producers and food 
consumers, and (iv) inspire adoption of antibiotic stewardship practices on-farm and in 
the home. Educational programming is required to increase understanding and support of 
new or improved practices that can reduce AR. 
1.6 Objectives 
Significant work has been done to illuminate the mechanisms of AR development 
and the contribution of livestock and manure management to risks of AR contamination 
in food and environment. However, despite understanding the variety of strategies that 
are available and often in use in the livestock industry to control pollution and pathogens, 
less research has been done to determine what impacts such approaches may have on AR 
prevalence. Specifically, the objectives of this research were the following:   
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1. Quantify the effect of dietary manipulation (forage concentration and 
essential oils) in beef cattle production on the level of AR bacteria present in 
feedlot manure. 
2. Quantify the prevalence of AR bacteria in soil temporally following land 
application. 
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2 Antimicrobial resistance in beef feedlot manure as impacted by 
forage concentration and essential oil in finishing cattle diets 
Mara Zelt, Amy Millmier Schmidt, Xu Li, Galen Erickson, Kent Eskridge and Noelle 
Mware 
2.1 Abstract 
Antibiotic resistant (AR) infections are a serious threat to public health and 
growing evidence demonstrates a potential link between human AR infections and 
antibiotic use in livestock. Livestock manure represents a potential vector for antibiotic 
resistant bacteria (ARB) to enter environmental matrices or contaminate foods of animal 
origin. This research focused on evaluating the impact of beef cattle diet management 
strategies on the prevalence of AR bacteria in freshly excreted beef cattle manure and 
consolidated feedlot surface material. Three forage concentrations (14, 47 and 80%) and 
presence or absence of essential oils (EO) were fed to cattle in a factorial design and 
concentrations of ARB were quantified in freshly excreted cattle manure and 
consolidated feedlot material throughout the finishing period. Generic and tetracycline- 
and azithromycin-resistant Escherichia coli (E. coli), and generic and tetracycline- and 
tylosin-resistant Enterococcocus spp. were enumerated in all samples. Inclusion of EO in 
diets at all forage concentrations did not significantly impact ARB concentrations in 
manure. Increased (α=0.05) concentrations of ARB in manure were observed with 
increasing dietary forage concentration. The results of this study indicate that standard 
(14%) forage finishing diets yield manure with concentrations of ARB that are equal to or 
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less than those for higher (47% or 80%) forage diets. Despite seeing no effect from 
essential oil addition to diets, future research may benefit from assessing other essential 
oils to mitigate the risk of AR in beef finishing manure. 
2.2 Introduction 
An estimated 35,000 deaths occur annually in the United States due to antibiotic 
resistant (AR) infections  with at least 2.8 million Americans experiencing an infection 
cause by resistant bacteria (CDC, 2019). Worldwide, deaths caused by AR infections are 
predicted to increase to over 10 million annually by mid-century without intervention 
(O’Neill and RAR, 2016). Given the gravity of the problem, it is imperative to 
understand all factors contributing to the crisis and identify practices that are effective in 
mitigating antibiotic resistance.  
Antibiotic resistance as a population-level characteristic occurs naturally when 
bacteria are exposed to antibiotic compounds. Due to natural genetic variation in bacterial 
populations, some organisms carry mutations, which render antibiotics less effective, 
providing a survival advantage to the mutated organism (Rustam I. Aminov and Mackie, 
2007). In the presence of antibiotics, organisms with advantageous mutations proliferate. 
Antibiotic resistance genes can also be transmitted via horizontal gene transfer, resulting 
in an even greater risk for proliferation of the resistance trait (Courvalin, 2008).  
Antibiotics are widely used in agricultural livestock production, companion 
animals and human medicine for the treatment or prevention of infectious diseases. 
However, any use of antibiotics applies selective pressure to the microbiome of animals 
and humans, creating conditions that favor the development of resistant microbes and 
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resulting in excretion of AR bacteria in animal and human feces (C. Sharma et al., 2017). 
With livestock manure and municipal biosolids being applied to agricultural land as soil 
amendments, concerns about the potential risks of excreted antibiotic compounds, AR 
bacteria and AR genes to the environment, human and animal health, and food safety 
abound.  
2.2.1 Human Pathogens of Food Safety Concern 
Several species and serotypes of bacterial pathogens associated with food 
contamination have developed multidrug-resistant forms, including Campylobacter spp., 
Enterococcus spp., Escherichia coli, and Salmonella spp. (Julian Davies and Davies, 
2010). While prioritizing the order in which AR bacteria should be addressed can be 
difficult, these few bacterial species pose the greatest risk of AR infection in humans via 
food and environmental exposures. Therefore, population responses of AR E. coli and 
Enterococcus spp. were used in this study to quantify alterations in excretion of AR 
bacteria in cattle manure associated with variations in dietary management practices. 
2.2.2 Antibiotics in Animal Agriculture 
Tylosin and azithromycin (macrolide antibiotics) and tetracycline (a protein 
synthesis inhibitor) are commonly used to treat and prevent bacterial diseases in 
livestock. All are effective against a broad spectrum of gram-positive bacteria. However, 
whereas tetracycline and azithromycin are also broadly effective against gram-negative 
bacteria, tylosin has a limited range of activity in these types of bacteria. While animals 
in this study were fed tylosin (brand name Tylan®) (90 mg/steer/day) as a prophylactic, 
but not administered tetracycline or azithromycin during the study, bacterial resistance to 
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all three of these common antibiotics was assessed since the long-term use of a single 
antibiotic can create select pressure for bacteria that supports development of resistance 
to multiple antibiotics. This phenomenon was observed after the prolonged use of 
tetracycline for urinary tract infections and acne in humans, and following administration 
of tetracycline in animal feed at concentrations favorable for promoting animal growth 
(Levy and Marshall, 2004). 
2.2.3 Essential Oils 
The use of plant extracts to replace antibiotics as feed additives for growth 
promotion and general health in animal product has increased recently (Cheng et al., 
2014; Diaz-Sanchez et al., 2015; Gallois et al., 2009). Essential oils, volatile organic 
compounds derived from a wide variety of plants, have already demonstrated similar 
health effects as feeding tylosin (Meyer et al., 2009). In one study, a mixture of thymol, 
eugenol, vanillin, and limonene – all extracts of plants – improved rumen metabolism in 
beef cattle (McIntosh et al., 2003). Essential oils have also shown antioxidative and anti-
inflammatory effects attributable to binding ion catalysts, decomposing peroxides, and 
radical scavenging (Tsai et al., 2013). Essential oils have also shown very broad 
antimicrobial activity, for example mint oils were observed to decrease microbial 
populations of both gram negative E.coli and gram positive Staphylococcus aureas in 
minced meat by more than 50% (Djenane et al., 2012).Therefore, the addition of essential 
oils to animal feed has been suggested as a viable alternative to antibiotics and,  




2.2.4 Dietary Forage 
Forages in cattle diets are important to the function of the rumen and the rumen 
microbial community (Zou et al., 2018). Additionally, diets rich in forage (as opposed to 
high-energy, high-grain diets) can improve microbial protein synthesis in the gut of cattle 
(Nathani et al., 2015). High-forage diets are seldom used for feedlot cattle, though, 
because the economic gains from improved ruminal health do not generally outweigh the 
economic losses due to a lower average daily weight gain. However, due to the benefits 
of forage on the ruminal microbiome, increasing forage in cattle finishing diets could 
impede AR development in the animals, thereby influencing AMR-related food safety 
and environmental exposure risks to people. 
2.2.5 Objective 
The objectives of this study were to quantify the effect of a proprietary blend of 
essential oils (EO) and forage concentration (14, 47 and 80%) in beef finishing diets on 
the concentrations of four AR bacterial populations important to human and animal 





-resistant Enterococcus spp. – in freshly excreted manure and 
consolidated pen surface material from a beef feedlot operation. 
2.3 Materials and Methods 
2.3.1 Site Description and Study Design 
This study was conducted at the University of Nebraska-Lincoln Eastern 
Nebraska Research and Extension Center (ENREC) near Mead, NE. Four hundred twenty 
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beef cattle – blocked according to body weight – were assigned to seven blocks of six 
pens with ten animals per pen (Figure 2.1). Within each block, pens were randomly 
assigned to one of six experimental treatments: feed containing 14%, 47% or 80% forage 
(corn silage) with or without EO supplement. The remainder of the diet consisted of dry-
rolled corn. All diets contained 16% wet distillers grains and monensin at 30 g/ton. 
2.3.2 Sample Collection and Preparation 
Two types of manure samples were collected four times over the course of the 
experiment, at 55, 85, 113 and 155 d following initiation of the trial, however no 
background samples were collected for AR bacterial concentrations in the feedlot 
environment. Freshly excreted feces (50 ml) were collected from each of two random 
cattle per pen and two composite samples (50 mL each) of consolidated pen surface 
material, one from the pen quadrant nearest the feed bunk and waterer and the other from 
the opposite quadrant of the pen.  Consolidated material samples, comprised of a mixture 
of soil and loose manure pack that accumulated on the feedlot surface during the feeding 
period, were obtained by compositing four to five grab samples of approximately equal 
volumes at random locations in each of the two quadrants, mixing, and filling a 50 ml 
conical tube with the mixed volume. 
2.3.3 Dry Matter Determination  
Dry matter (DM) in manure samples was determined by oven-drying 10 to 15 g of 
sample material in aluminum weigh boats for at least 12 h at 105°C. Samples were 
removed from the oven in batches of six to eight, placed into a desiccator and allowed to 
cool to room temperature before being weighed. Samples were then returned to the oven 
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and allowed to dry for another hour before being removed to a desiccator to cool and 
weighed again. This process was repeated until the weight change was less than 4%, at 
which time drying was considered complete. All of the samples were then removed in 
batches to a desiccator to cool to room temperature when final weight was recorded. The 
dry mass of the manure was used in calculation of microbial concentration per gram DM. 
2.3.4 Bacterial Enumeration 
Bacterial population response to treatments was determined using a modified 
protocol developed at the US Meat Animal Research Center (USMARC) for enumeration 
of resistant E. coli and Salmonella (Schmidt et al., 2015). From each of the 50-ml 
samples collected at the feedlot, a 5 g subsample was removed and added to 45 ml of 
phosphate-buffered tryptic soy broth (TSB-PO4; 30 g of TSB, 2.31 g of KH2PO4 and 
12.54 g of K2HPO4 per liter; Fisher Chemical, Fair Lawn, NJ). A 1-ml aliquot of the 
solution was used for enumeration by spiral plating (Eddy Jet, IUL Instruments, 
Barcelona, Spain) on CHROMagar E. coli (CE) plates (DRG International, Inc., 
Springfield, NJ), CE plates supplemented with 20 mg azithromycin dihydrate (Alfa 
Aesar, Tewksbury, MA) per L of growth media (CE+AZ), CE plates supplemented with 
32 mg tetracycline hydrochloride (Fisher Chemical, Fair Lawn, NJ) per L of growth 
media (CE+TET), Oxoid Slanetz and Bartley Enterococci (SB) plates (Thermo Scientific, 
Hampshire, UK), SB plates supplemented with 32 mg tetracycline per L of growth media 
(SB+TET), and SB plates supplemented with 32 mg tylosin tartrate (Alfa Aesar, 
Tewksbury, MA) per L of growth media (SB+TY). CE and CE supplemented plates were 
incubated overnight at 37°C to optimize growth of E.coli while SB and SB supplemented 
plates were incubated for 4 h at 37°C followed by 48 h at 44°C to optimize growth of 
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Enterococci. The remaining sample solution, approximately 44 ml per sample, was 
incubated for 2 h at 25°C and 6 h at 44°C and then held at 4°C for use in culture 
enrichments, as needed. 
Following incubation, blue colonies on the CE, CE+AZ and CE+TET media were 
enumerated as E. coli and brown or maroon colonies on the SB, SB+TET and SB+TY 
media were enumerated as Enterococci using a counting grid provided by the 
manufacturers of the spiral plater for conversion of colony count to CFU mL
-1
 of sample. 
The CFU concentrations were converted to CFU g
-1
 of sample dry weight using moisture 
content measured for each sample. E. coli in samples from the first sampling event were 
enumerated using an alternate growth media, and are, therefore, excluded from this study.  
2.3.5 Culture Enrichment 
For samples yielding no colonies following incubation of plates, enrichment was 
performed to determine prevalence of each bacterium in initial samples. Enriched TSB-
PO4 sample solution was spread on CE, CE+TET and CE+AZ plates using sterile loops, 
plates were then incubated overnight at 37°C. For samples where no colonies of 
Enterococci were observed, secondary enrichments were prepared by combining 0.5 ml 
of the enriched TSB-PO4 sample solution with 2.5 ml of Enterococcosel Broth (Becton, 
Dickinson and Co., Sparks, Maryland). Secondary enrichments were incubated overnight 
at 37°C and then spread on SB, SB+TET and SB+TY plates using sterile loops and 
incubated for 4 h at 37°C and 48 h at 44°C. 
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2.3.6 Statistical Analysis 
An analysis of variance (ANOVA) was used to assess treatment effects of the 
addition of essential oil, forage concentration and oil x forage interactions on AMR 
bacteria. The pens were assigned treatment in a 3 x 2 factorial randomized block design. 
The pen surface samples incorporated a split plot design in the choice of two consistent 
pen surface areas and sampling events were incorporated as repeated measures.  
For samples producing no colonies during enumeration, but yielding bacterial 
growth following enrichment, the cellular concentration was considered to be below the 
detection limit of 2.3 log CFU g
-1
 for enumeration using the spiral plating method. 
Colony concentrations for these samples were included in the data set as [(2.3 – 1 log 
CFU g
-1
) / 2] or 0.6 log CFU g
-1
 dry manure. Prior to statistical analysis all AR bacterial 
concentrations were normalized for the enumerated concentration of total bacteria of the 
same species (E.coli or Enterococci). All statistical computations were performed using  
R version 3.4.1 (R Core Team, 2013). 
2.4 Results and Discussion 
Examination of the ratio of AR bacteria to total bacterial concentration (Table 2.1 
& Table 2.2) reveals that the concentration of TY
R
 Enterococci and AZ
R
 E.coli were 
quite high relative to the measured total concentration of each bacteria in samples 
throughout this study. These high concentrations are not surprising given that the animals 
were fed tylosin, which suggests that bacteria with resistance to tylosin would have had 
an advantage over other bacteria. Moreover, tylosin and azithromycin both use the same 
target binding site to inactivate complex C on the bacterial ribosome (Petropoulos et al., 
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2009), so bacteria with resistance to the mechanics of tylosin are likely to be resistant to 
azithromycin, as well.  
2.4.1 Microbial Response to Addition of Essential Oils in Finishing Diet  
The interaction of the two dietary treatments (forage concentration and essential 
oils) did not have a significant effect on AR concentrations for any of the bacterial 
populations considered in this study in either fresh manure or pen surface material (Table 
2.1 & Table 2.2). The impact of essential oils, when averaged across all dietary forage 
concentrations was also not significant for any bacterial population in either manure type. 
It is important to note, however, that the essential oils tested in this study were selected 
for their potential to impact general health and rate of gain in beef finishing cattle as a 
part of a parallel investigation. Furthermore, while the essential oils used did not decrease 
AR, neither did the oils exhibit any selective pressure on the microbial communities that 
measurably increased AR. Additional research of this nature utilizing other essential oils 
in cattle diets may provide more desirable results. For example, essential oils 
from Cinnamomum zeylanicum and Euphrasia rostkoviana have demonstrated an 
inhibitory effect on the growth of a wide range of bacteria, including 
both E.coli and Enterococcus faecalis (Novy et al., 2015; Unlu et al., 2010). Therefore, 
while this study did not show a significant effect from essential oil added to cattle feed, 
these results may not necessarily represent the effects of other essential oils. Furthermore, 
while the microbial community impact of essential oils on microbial growth has been 
demonstrated in other studies with delivery in animal feed (Ceppa et al., 2018; Y. Li et 
al., 2018), many studies reporting the inhibitory effects of essential oils on microbial 
growth employed direct application of the oils to an infection or laboratory isolate 
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(Swamy et al., 2016). Further research to explore the most effective type or blend of 
essential oil and the optimal delivery method for impacting livestock gut microbiomes is 
warranted. 
2.4.2 Microbial Response to Change in Forage Concentration in Finishing Diet 
When the impact of dietary forage concentration was averaged for both presence 
and absence of essential oils TET
R
 E.coli showed significant (=0.05) differences due to 
forage concentration in both the freshly excreted manure and pen surface material (Table 
2.1 & Table 2.2). In freshly excreted manure the mean ratio of TET
R
 E.coli was lower in 
manure samples from pens where cattle received a 14% forage diet and the highest 
bacterial concentrations in manure from cattle receiving a 80% forage diet. However in 
consolidated pen surface material the mean ratio of TET
R
 E.coli was lowest in samples 
from pens where cattle received an 80% forage diet and highest in samples from cattle 
receiving a 47% forage diet, the 14% diet was not significantly different from either of 
the two higher concentration diets. The results of this study indicate that a beef cattle 
finishing diet low in dietary forage concentration produces the same effect on AR 
bacteria concentrations in manure as high forage, and in one population (TET
R
 E.coli in 
pen surface material) a low dietary forage concentration was the most effective for 
reducing AR in manure. By contrast, Auffret et al. (2017) observed that a high fibrous 
forage diet decreased both the abundance and diversity of AR genes in the rumen. Of 
course, in the study presented here, the bacteria monitored were excreted fecal bacteria 
rather than ruminal flora, and the abundance and diversity of AR genes were not included 
in the analysis. While changes to the ruminal microbiome do impact the fecal 
microbiome, there are many natural differences in the composition of the two 
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communities that could explain why increasing the forage concentration in cattle diets did 
not decrease the amount of AR in excreted manure in this study (Ozbayram et al., 2018; 
Romero-Pérez et al., 2011). 
2.4.3 Microbial Response to Uncontrolled Variables 
Over the course of this study, the most significant treatment or experimental 
factor impacting all monitored bacterial populations in both fresh manure and pen surface 
material samples was date of sampling.  Moreover, interaction of sampling day and other 
treatment factors also showed significant impact, indicating that the variations due to 
sampling day were impacting changes between treatments as well. The cause of the 
fluctuations was not readily apparent, in part because normalizing AR bacterial 
concentrations for total concentration prior to statistical analysis should have controlled 
for natural fluctuations in total bacterial concentration.  
One possibility was that environmental factors might create an enrichment effect 
on AR populations in pen surface material, or influence the behavior of the animals on 
the lot in ways the researchers had not anticipated. Temperature, rainfall and relative 
humidity were not measured in the pens during this study; however, relevant weather data 
for the 36 hours preceding each sampling event was determined using data from a nearby 
weather station, Wahoo 1.7 S, NE US (CoCoRaHS station) located seven miles northeast 
of the study site (Table 2.3). However, correlations between AR concentrations and 
environmental factors were not strong. R values were between -0.5 and 0.5 (Figure 2.2 & 
Figure 2.3), indicating that while environmental conditions may have impacted 
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fluctuations in bacterial concentrations, these variables alone were not sufficient to 
explain variations due to sampling day.  
Another possibility considered was that AR concentrations would either increase 
or decrease steadily over-time following the administration of an antibiotic to the animals 
when first entering the feedlot. Agga et al. (2016) found that AR bacterial concentrations 
were high in samples from cattle following antibiotic administration, but tapered off over 
the course of the animal’s turn in the feedlot. However, Figure 2.4 & Figure 2.5 shows 
the temporal fluctuations of AR concentrations by treatment, and illustrates the 
unpredictable and widely variant alterations in AR populations occurring in both freshly 
excreted manure and pen surface material. This could be due to interactions with a 
background level of AR bacteria in animal housing environments, which can be 
significant and long-lasting (Agga et al., 2019). However, attribution of the temporal 
variations observed in this study is not yet clear and warrants further study. 
2.5 Conclusions 
The results of this research indicate that beef finishing diets with low forage 
concentrations (14%) are at least as effective for reducing AR bacteria concentrations in 
manure as diets with higher forage concentrations (47% or 80%). Inclusion of a 
proprietary blend of essential oils to the finishing diets of cattle in this study did not 
impact AR bacterial concentrations in excreted manure or feedlot pen surface material. 
However, future studies to examine the potential of diets containing alternative essential 
oils for reducing concentrations of AR bacteria in excreted manure are warranted given 
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Table 2.1: Effect of essential oil, forage concentration, sampling day, and pen location on 
proportion of E.coli resistant to azithromycin or tetracycline in freshly excreted 
manure and pen surface material 
Variable 
Fresh Manure Pen Surface Material 
AZ
R
 E. coli/ 
Total E. coli 
TET
R
 E. coli/ 
Total E. coli 
AZ
R
 E. coli/ 
Total E. coli 
TET
R
 E. coli/ 
Total E. coli 
Essential Oil P = 0.087 P = 0.148 P = 0.579 P = 0.723 
Yes 0.68 0.25 0.74 0.21 
No 0.72 0.20 0.75 0.19 













 0.73  0.20
 ab
 
Sampling Day P = 6.5E-8 3.04E-6 P = 0.119 P = 4.97E-6 






















Pen Location - - P = 0.031 P = 0.011 










Oil x Forage P = 0.052 P = 0.387 P = 0.538 P = 0.770 
Oil x 80% 0.67 0.26 0.73 0.18 
No Oil x 80% 0.77 0.15 0.79 0.13 
Oil x 47% 0.66 0.19 0.74 0.25 
No Oil x 47% 0.73 0.18 0.74 0.25 
Oil x 14% 0.71 0.29 0.74 0.21 
No Oil x 14% 0.67 0.25 0.73 0.20 
Oil x Day P = 0.004 P = 0.455 P = 0.687 P = 0.905 
Forage x Day P = 0.708 P = 0.377 P = 0.320 P = 0.003 
Oil x Location - - P = 0.241 P = 0.575 
Forage x Location - - P = 0.438 P = 0.164 
Day x Location - - P = 0.054 P = 0.002 
Oil x Forage x Day - - P = 0.094 P = 0.015 
Oil x Forage x Location - - P = 0.368 P = 0.581 
Oil x Day x Location - - P = 0.828 P = 0.031 





Table 2.2: Effect of essential oil, forage concentration, sampling day, and pen location on 
proportion of Enterococci resistant to tetracycline or tylosin in fresh manure and pen 
surface material 
Variable 























Essential Oil P = 0.622 P = 0.133 P = 0.450 P = 0.185 
Yes 0.52 0.94 0.73 0.89 
No 0.52 0.94 0.72 0.87 
Forage Concentration P = 0.073 P = 0.519 P = 0.686 P = 0.357 
80% 0.08 0.75 0.23 0.55 
47%  0.11 0.74 0.23 0.58 
14% 0.22 0.68 0.27 0.53 





























Pen Location - - P = 0.738 P = 2.2E-10 
Close to Feeder - - 0.76 0.92
 b
 
Far from Feeder - - 0.69 0.84
 a
 
Oil x Forage P = 0.916 P = 0.771 P = 0.230 P = 0.628 
Oil x 80% 0.10 0.74 0.26 0.57 
No Oil x 80% 0.06 0.75 0.20 0.53 
Oil x 47% 0.10 0.70 0.26 0.61 
No Oil x 47% 0.13 0.78 0.20 0.55 
Oil x 14% 0.21 0.65 0.25 0.53 
No Oil x 14% 0.24 0.70 0.29 0.52 
Oil x Day P = 0.810 P = 0.919 P = 0.133 P = 0.132 
Forage x Day P = 0.680 P = 0.206 P = 0.561 P = 0.063 
Oil x Location - - P = 0.956 P = 0.449 
Silage x Location - - P = 0.156 P = 0.312 
Day x Location - - P = 0.186  P = 1.8E-5 
Oil x Forage x Day - - P = 0.859 P = 0.228 
Oil x Forage x Location - - P = 0.606 P = 0.110 
Oil x Day x Location - - P = 0.412 P = 0.277 
Forage x Day x 
Location 





Table 2.3: Weather data for 36 h period preceding each sampling date, sourced from 
station at Wahoo, NE 











27-Feb   55 40 0.00 62 
3-Apr   85 27 0.08 79 
1-May 113 70 0.00 51 







Figure 2.1: Pen arrangement and assignment of treatments based on a completely 
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Figure 2.2: Correlation of experimental factors (essential oil, distance from feed trough, 
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Figure 2.3: Correlation of experimental factors (essential oil, % dietary forage, date, 
relative humidity, air temperature on sampling day and moisture content of manure 













Figure 2.4: Interaction of sampling day effect and dietary treatment on ratio of AR 




Figure 2.5: Interaction of sampling day effect and dietary treatment on ratio of AR 
bacteria to total E.coli or Enterococci in pen surface material 
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3 Antibiotic resistance in manure amended agricultural soils 
Mara Zelt, Amy Millmier Schmidt, Zachary Staley, Xu Li, Bing Wang, and Dan Miller 
3.1 Abstract 
Manure application to agricultural land benefits soil health and agronomic yields. 
However, as antibiotic resistant (AR) infections become a more serious threat to public 
health, there is growing concern that AR bacteria or genes originating from livestock 
manure could adversely impact human health due to contamination of environmental 
matrices or food. This study sought to determine the concentrations of AR bacteria and 
genes in soil amended with fresh feedlot manure, stockpiled beef manure, composted 
beef manure and inorganic fertilizer for a period of time representing fall application 
through spring planting. Mean prevalence of AR E. coli and Enterococci in soil under all 
treatments showed no significant differences (p<0.05) due to manure application, 
although overall prevalence of azithromycin-resistant E.coli was highest in plots 
receiving inorganic fertilizer. Prevalence and concentration of one of the AR genes 
considered in this study (ermB) showed a significant (p<0.05) effect due to fertilizer 
treatment, with highest overall concentrations and prevalence in soil receiving composted 
beef manure. However, final gene prevalence and concentrations were not significantly 
different from initial (pre-application) measures for any of the genes considered. Indeed, 
soil in the control plots also exhibited a significant prevalence of resistance genes, 
making it difficult to determine if an increase in gene prevalence without an 





Antibiotic resistance (AR) is a significant and growing public health concern with 
several dangerous bacterial pathogens now resistant to multiple antibiotics (CDC, 2013). 
Growing evidence suggests a potential contributor to the spread of AR is the use of 
antibiotics in livestock production (J. C. Chee-Sanford et al., 2001; Witte, 2000). 
Antibiotics are widely used in agricultural livestock, companion animal and human 
medicine for the treatment or prevention of infectious diseases (NCCLS, 2002). 
However, the use of antibiotics applies selective pressure to the gut microbiome of 
animals and humans, resulting in the excretion of AR bacteria and genes in animal and 
human feces (C. Sharma et al., 2017). Therefore, concern has grown about the potential 
risks to the environment, animal health, and food safety of antibiotics, AR bacteria, and 
AR genes in animal manures. 
In the United States, the final stage of beef cattle production most frequently is 
accomplished by moving adult animals to a feedlot – an area of land having no vegetation 
where animals are grouped within fenced pens – to finish the animal before harvest. 
Finishing cattle refers to a change of diet that the animals receive at a feedlot that 
encourages efficient deposition of muscle and fat. The United States Department of 
Agriculture Natural Resource Conservation Service (USDA-NRCS) estimates that adult 
beef cattle produce roughly 28 kg of manure per day (Lorimor et al., 2004). As a result, 
over 150 million tons of manure is produced annually in feedlot systems, most of which 
is applied to agricultural land as fertilizer. The concentration of manure produced in a 
feedlot or other confined animal housing system can create environmental concerns. In 
particular, collection and storage of manure and wastewater must be carefully managed to 
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avoid discharges to surface water. Land-application of manure must also be carefully 
planned and managed to limit the risk of non-point source pollution as field runoff. In 
addition, application of manure could be a means of introducing AR to agricultural soil 
since management strategies for handling and applying manure are not designed with AR 
discharge reduction in mind. 
Manure scraped from the surface of pens in beef feedlots is often stored for days 
to months before field conditions are suitable for it to be land applied. Few feedlot 
operations utilize treatment technologies for manure, though stockpiling does offer some 
treatment benefits. Alternatively, active composting accelerates the decomposition of 
carbon in manure and, when performed properly, exposes the majority of the manure to 
elevated temperatures suitable for destroying microorganisms and weed seeds. Both 
stockpiling and composting of beef manure can lead to volume reduction due to drying 
and decomposition. 
Windrow composting involves placing manure in long narrow piles, or windrows, 
after the desired carbon-to-nitrogen ratio (30:1) and moisture content (55-60%) are 
achieved, and allowing microbes to consume carbon while creating heat and moisture as 
by-products. Air is introduced either through passive aeration or frequent mechanical 
turning. Turning of compost breaks up aggregates, increases porosity, redistributes 
moisture and promotes the microbial decomposition of organic matter, increasing the 
duration and temperatures achieved during composting.  
Stockpiling, sometimes called “passive composting,” indicates manure placed in 
large piles on the ground or a concrete pad. Stockpiled manure is not mechanically turned 
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or mixed, resulting in regions of anaerobic decomposition and lower internal 
temperatures. However, stockpiling manure is more economically feasible than 
composting because it requires less space, less labor, and no added carbon stocks.  
Research into antibiotic resistance is largely limited to studying culturable species 
of bacteria, because developing an antibiotic resistance profile requires culturing of 
bacterial isolates. However, the majority of bacterial species cannot be cultured, forcing a 
significant level of extrapolation based on the resistance behavior of cultured species. 
Several species of bacterial pathogens associated with food contamination have 
developed multidrug-resistant forms, including Campylobacter spp., Enterococcus spp., 
Escherichia coli, and Salmonella spp. (J. Davies and Davies, 2010). This study sought to 
use the population responses of AR E. coli and Enterococci in manure amended soil to 
quantify variability in AR risks associated with different livestock manure management 
practices. 
Compounding the problem of AR proliferation due to the selective pressure of 
antibiotics is the ability of microbes to transfer genes between cells or to incorporate 
genes from lysed cells. AR genes (ARG) are the small portions of genetic material that 
encode for AR. A cell that once developed ARG by genetic mutation is then a source of 
ARG, transferable to other bacterial cells. The result is that highly mobile genes for 
resistance traits are known to have developed to counter the antimicrobial mechanics of 
all of the 15 classes of antibiotics currently available (Levy and Marshall, 
2004). Horizontal genetic transfer is pervasive in the microbial world, making the 
development of reservoirs of resistance genes in environmental populations to be 
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concerning as a potential source for the rapid dissemination of AR to both human and 
veterinary pathogens. 
Key to the rapid transfer of genetic material is integrons, which direct the cell in 
the creation of integrase proteins, responsible for site-specific recombination of DNA 
following insertion or removal of mobile genes. Class 1 integrons, coded for by gene 
intI1, were identified first in bacteria with resistance to an array of antibiotics (Stokes and 
Hall, 1989). Accordingly, the presence of the intI1 gene is an essential indicator of the 
potential for the transfer of resistance from fecal bacteria to environmental species or 
environmental populations to food-borne human pathogens. 
Tetracycline, tylosin, and azithromycin are all commonly used antibiotics for 
treating and preventing bacterial diseases in livestock. Tetracycline belongs to a class of 
broad-spectrum antibiotics, including tetracycline, chlortetracycline, doxycycline, and 
minocycline, which are protein synthesis inhibitors in both gram-positive and gram-
negative bacteria. All are active against a broad spectrum of gram-positive bacteria 
through binding to the 30S ribosomal subunit. Tetracycline resistance is due either to the 
protection of the ribosome or the use of an efflux pump to expel tetracycline from the cell 
(Markley and Wencewicz, 2018). Tetracycline resistance is present in almost all bacterial 
genera due to their widespread use in human and veterinary health applications and plant 
agriculture (R I Aminov et al., 2001). Among the large variety of tetracycline resistance 
genes, the two considered in this study (tetO and tetQ) have both been observed in 




Tylosin and azithromycin are macrolide antibiotics that inhibit protein synthesis 
by binding to the 50S ribosome subunit. Typical macrolide resistance, coded for by erm 
genes, is accomplished by methylation of the antibiotic residue, thus disrupting the 
binding of the macrolide (Roberts, 2008). 
For this study, the bacterial resistance profile in soil was monitored over a period 
from fall manure application to spring planting. Resistance to three common antibiotics – 
tylosin, azithromycin and tetracycline – was monitored following application of 
treatments that included raw beef feedlot manure, stockpiled feedlot manure, composted 
feedlot manure, and inorganic fertilizer. While all animals from which manure was 
acquired were fed tylosin, treatment via injection of tetracycline and azithromycin was 
not necessarily applied to all animals. However, azithromycin- and tetracycline-resistance 
were also monitored because the long-term use of a single antibiotic will tend to select 
for bacteria that are resistant to multiple drugs, as evidenced by the development of 
multidrug resistance after the prolonged consumption of tetracycline for urinary tract 
infections and acne in humans (Levy and Marshall, 2004), and following application of 
subtherapeutic concentrations of tylosin in animal feed (Berrang et al., 2007). 
The objectives of this study were to assess the temporal variation of AR bacteria 
and genes in soil following applications of treatments that included raw, stockpiled, and 
composted beef manures along with inorganic fertilizer. Assessment of AR bacteria and 
genes was accomplished by measuring both the live resistant bacteria – azithromycin 
(AZ
R
)- and tetracycline (TET
R





resistant Enterococci – and AR genes (tetO, tetQ, ermB) and intII in manure-amended 
soil over the fallow season following manure application. 
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3.3 Materials and Methods 
3.3.1 Site Description 
This study was conducted at the Rogers Memorial Farm east of Lincoln, NE, 
during the late fall 2018 to early spring 2019. The soil at this site was an Aksarben silty 
clay loam had no recent history of manure application; the field had been planted in 
soybeans in 2018, as the first year of a four-year rotation of soybeans, corn, winter wheat, 
and sorghum (milo). Twenty plots (4.5 m x 3.0 m) were arranged linearly along a single 
elevation contour of the field to prevent cross contamination by runoff (Figure 3.1). The 
plots were arranged in 4 blocks of 5 plots each. Plots within each block were randomly 
assigned to one of five experimental treatments: fresh beef feedlot manure (45 Mg/ha), 
composted beef manure (45 Mg/ha), stockpiled manure (45 Mg/ha), commercial fertilizer 
(N:P:K at 15-23-10 sufficient to apply 157 kg/ha), and a control.   
Treatment effects on AR bacteria were measured in the response of azithromycin 
(AZ
R
)- and tetracycline (TET
R





-resistant populations of Enterococci spp. in soil over the late autumn, winter and 
early spring following application.  
3.3.2 Treatment Sources and Applications 
During the spring and summer of 2018, a study to determine the impacts on AR in 
manure of beef finishing diets was conducted at the University of Nebraska-Lincoln 
Eastern Nebraska Research and Extension Center (ENREC) near Mead, NE (Chapter 2). 
Manure from approximately 500 cattle was collected at the completion of the study and 
utilized as the fresh manure treatment in this project. Fresh manure used in this study thus 
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originated from animals that had been fed tylosin (brand name Tylan®) (90 mg steer-1 
day-1) for disease prevention. The previous research monitored pen surface material for 









resistant populations of Enterococci spp. Because the previous research did not conduct 
genetic analysis on the fresh feedlot manure no quantitative values were included for the 
fresh manure in the summary of treatment properties in Table 3.1. 
During the summer of 2018, research at the USDA US Meat Animal Research 
Center (USMARC) near Clay Center, NE, examined the effects of composting and 
stockpiling on AR in manure (Staley et al., 2019). Briefly, in the USMARC study, 6.1 m 
long, 3.0 m wide, and 1.8 m high stockpiles were established using pen scrapings from 
the beef cattle feedlot pens located at USMARC. Compost windrows of the same 
dimensions were established following the addition of chopped corn stalks and water to 
achieve a carbon-to-nitrogen ratio (C:N) of approximately 30:1 and a moisture content of 
55-60%. The compost piles were turned twice, after 50 and 113 days, while stockpiles 
remained undisturbed throughout the study. The prevalence and concentrations of AR 
bacteria and genes in the composted and stockpiled manures were monitored using the 
same laboratory methods described in this paper. Composted and stockpiled materials 
remaining from the USMARC research study were utilized in the current project. The 
final values from the previous research were considered the initial concentrations for the 
treatment material in the land application study (Table 3.1). In addition to manure 
fertilizers, one of the treatments used in this study was commercially available fertilizer 
containing 15% nitrogen, 23% phosphorus, and 10% potassium by weight, applied at rate 
to meet cropping requirements of the following season. All of the treatments were 
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broadcast by hand to the surfaces of the study plots according to the mass/area 
measurements described in Table 3.1 and left unincorporated. 
3.3.3 Soil Sampling and Processing 
Soil sampling was conducted on all plots once before treatment applications and 
six times throughout the study, beginning on the date of treatment applications and 
repeated in weeks 2, 4, 7, 11, and 22. A summary of the AR properties of the soil samples 
tested prior to treatment application is included in Table 3.2. Each sample consisted of a 
composite of four 10-cm deep cores obtained at random locations from four quadrants of 
each plot using a soil probe (50-mm diameter). Sterilization of the soil probes was 
accomplished between plots using a 70% ethanol solution. Samples were maintained in 
coolers containing ice packs and returned to the laboratory within two hours of collection 
for processing. In the laboratory, cores were homogenized by hand before removing 
aliquots for bacterial plating and DNA isolation. 
3.3.4 Bacterial Enumeration and Prevalence 
Bacterial response to treatments was determined using a modified protocol 
developed by the US Meat Animal Research Center (USMARC) for enumeration of 
resistant E. coli and Salmonella (Schmidt et al., 2015). Briefly, from each field sample, a 
5 g subsample was removed and added to 45 ml of phosphate-buffered tryptic soy broth 
(TSB-PO4; 30 g of TSB, 2.31 g of KH2PO4 and 12.54 g of K2HPO4 per liter). Solutions 
were shaken by hand to homogenize the mixtures and then a 1 ml aliquot of each solution 
was used for enumeration by spiral plating (Eddy Jet, IUL Instruments, Barcelona, Spain) 
on CHROMagar E. coli (CE) plates (DRG International, Inc., Springfield, NJ), CE plates 
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supplemented with 20 mg L
-1
 azithromycin (CE+AZ), CE plates supplemented with 32 
mg L
-1
 tetracycline (CE+TET), Oxoid Slanetz and Bartley Enterococci (SB) plates 
(Thermo Scientific, Hampshire, UK), SB plates supplemented with 32 mg L
-1
 tetracycline 
(SB+TET), and SB plates supplemented with 32 mg L
-1
 tylosin (SB+TY). CE and CE 
supplemented plates were incubated overnight at 37°C to optimize the growth of E.coli, 
while SB and SB supplemented plates were incubated for 4 hours at 37°C followed by 48 
hours at 44°C to optimize the growth of Enterococci. Following incubation of the plates, 
blue colonies on the CE, CE+AZ, and CE+TET were enumerated as E. coli, and brown or 
maroon colonies on the SB, SB+TET, and SB+TY plates were enumerated 
as Enterococci. A counting guide provided in the manufacturer's handbook for the spiral 
plater was used to convert colony count to a CFU concentration in the aliquot. The CFU 
ml
-1
 of plating sample solution was converted to CFU g
-1
 of soil according to the dilution 
(1:10) of soil to TSB in the plated material. 
3.3.5 Enrichment to Determine Prevalence 
All samples for which the observed colony count was below the reliable detection 
limit of the spiral plater underwent enrichment to determine AR bacterial prevalence. In 
each sample requiring enrichment for E. coli, 45 ml of TSB-PO4 was added to each of 
four 5-g subsamples of soil. The mixtures were incubated for 2 hours at 25°C and 6 hours 
at 44°C. The enriched TSB-PO4 sample solution was then spread on CE, CE+TET, and 
CE+AZ media using sterile loops and incubated overnight at 37°C. For samples where no 
colonies of Enterococci were observed, secondary enrichments were prepared by 
combining 0.5 ml aliquots of the enriched TSB-PO4 sample solution with 2.5 ml of 
Enterococcosel Broth (BD BBL, Sparks, MD). Secondary enrichments were incubated 
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overnight at 37°C and then spread on SB, SB+TET and SB+TY media using sterile loops 
and incubated for 4 hours at 37°C and 48 hours at 44°C. 
3.3.6 DNA Extraction and Quantitative Polymerase Chain Reaction Analysis 
Approximately 5 g of soil from each of the composite samples were homogenized 
by hand milling using sterile pestles and vessels. Genomic DNA from approximately 250 
mg of dry soil was extracted using the DNeasy® PowerSoil® Kit (QIAGEN, Hilden, 
Germany) according to the manufacturer's instructions with the exception that filtration 
was conducted as a single step using the PowerVac™ manifold vacuum (MoBio, a part of 
QIAGEN, Hilden Germany). DNA extracts were visually confirmed and quantified using 
agarose gel electrophoresis using Bio-Rad #171-140 DNA mass ladder in 1% agarose 
gels pre-stained with Invitrogen Sybr Safe (Thermo Scientific, Carlsbad, CA). A 10-µL 
volume of DNA extract was added to each well and gels ran for 1 hour at 135 volts. The 
gels were imaged using GELDOC-IT® (Analytick-Jena, Cambridge, UK) UV 
transilluminator equipped with image capture. Images were analyzed to quantify DNA 
relative to pixel intensity of the mass ladder using VisionWorks software (Analytick-
Jena, Cambridge, UK). DNA extracted from soil samples was diluted 1:25 prior to 
quantification to reduce inhibitory effects on the reactions from carry-over humic acids 
remaining in solution.  
AR genes were quantified using quantitative polymerase chain reaction (qPCR). 
Two tet genes (tetO and tetQ) were assayed using primers described by Aminov et al. 
(2001). Quantification of ermB genes was accomplished using primers and procedures 
reported by Koike et al. (2010). Quantification for intI1 was conducted using primers 
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according to Rosewarne et al. (2010) and quantification of 16S was achieved according to 
procedures described in Suzuki et al. (2000). Primer sequences and thermocycling 
protocols can be found in Table 3.3.QuantiTect Syber Green master mix (QIAGEN, 
Hilden, Germany) was used for all qPCR reactions under the following conditions: 5.0 
µL templates and 20.0 µL QuantiTect master mix (12.5 µL QuantiTect Sybr Green taq 
polymerase; 7.0 µL PCR grade water; 0.25µL of both primers in a 100 µM stock). Gene 
quantification was done using StepOne Plus real-time PCR system (Applied Biosystems 
Inc., Foster City, California). Concentrations were determined by comparison with a 
standard curve for each of the assayed genes on each 96-well plate. Quantitative PCR 
was performed in triplicate. Copy counts were converted to concentration in grams of dry 
soil in the original sample. Gene concentrations were normalized for concentrations of 
16S before statistical analysis.   
3.3.7 Statistical Analysis 
Statistical analyses were performed using R version 3.6.1 (R Core Team, 2013). A 
series of two-proportions Z-tests were conducted to determine differences in prevalence 
of AR bacteria using R version 3.6.1 and genes using SAS version 9.2 . All other 
statistical analyses were performed using R version 3.6.1. To assess differences in gene 
quantification, a repeated-measures analysis of variance (ANOVA) was conducted using 
plots as the experimental unit and sampling event as a repeated measure. Results were 
considered significant at α level of 0.05. Where a significant difference was determined 
using ANOVA, Tukey’s studentized range test was used to determine which factors were 




3.4.1 AR Bacteria Prevalence 
Throughout the study, the concentration of resistant fecal bacteria in soil samples 
was below the detection limit for enumeration. Therefore, bacterial impact was 
determined using the prevalence of AR fecal bacteria in samples following the 
enrichment of four subsamples of soil per plot. Logistic regression analysis did not show 
a significant difference in the interaction of treatment, time, block, temperature or 
precipitation for any of the AR populations considered, but both treatment and time were 
individually significant in some of the populations. Treatment and time effects are 
illustrated in Tables 3.4 through 3.7. In only one of the observed bacterial populations 
(AZ
R
 E.coli), did fertilizer treatment have a significant impact on AR bacterial 
prevalence. The prevalence of AZ
R
 bacteria was highest in soil receiving inorganic 
fertilizers; soil that received stockpiled manure also had a higher overall prevalence of 
AZ
R
 than soil receiving composted or fresh manure, however none of the manure 
treatments significantly varied from prevalence of bacteria in control plots. Over-time, 
prevalence of AR bacteria was fairly constant; only two populations (AZ
R
 E.coli and 
TET
R
 Enterococci) showed any significant effects due to sampling day. Both revealed 
peak prevalence in samples from the sampling event 7 weeks after treatment application. 
Prevalence of TET
R
 Enterococci across all treatments remained significantly greater than 
the prevalence observed in soil prior to treatment to application even 21 weeks post-
treatment application. However, prevalence on the final sampling day was highest in 
control plots and in plots receiving inorganic fertilizer, indicating elevated TET
R
 
Enterococci prevalence was due in part to fluctuations in the native microbiome. Overall, 
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concentrations of all monitored resistant bacteria were too low to be quantified by direct 
enumeration. Analysis of bacterial prevalence revealed that applying an inorganic 
fertilizer could increase AR bacterial prevalence and that there was an observable level of 
native AR in control plots throughout the study.  
3.4.2 AR Gene Prevalence 
Before assessing changes in ARG concentration using qPCR, samples were 
examined for the presence or absence of each ARG using standard PCR. Of the four 
genes studied, only intI1 was present in 100% of the samples. For the other genes (ermB, 
tetO, and tetQ), prevalence is described in Table 3.8 through 3.10. In general, the highest 
gene prevalence was measured in samples from week 7, but prevalence decreased to 
background levels by the final sampling day in week 22. The exception was tetO. With 
the lowest initial prevalence (10%), tetO prevalence increased following treatment 
application and also peaked in week 7, but its prevalence had not yet decreased to 
background concentrations by week 22.  
The concentration of only one gene – ermB – was significantly different 
according to treatment. The overall prevalence of samples containing ermB was highest 
in plots receiving composted manure, where 100% of soil samples were positive during 
week 7 sampling, but decreased to 50% by week 22, which paralleled what was observed 
in plots receiving no fertilizer treatment. 
3.4.3 AR Gene Abundance 
Prior to statistical analysis, the number of genetic copies observed in each sample 
was converted to a concentration per dry weight of the sample. These concentrations 
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were normalized as a ratio of copies of the resistant gene, to 100,000 copies of the 16S 
gene, present in all bacterial cells. Treatment and over-time effects for the resulting data 
set are summarized for the four genes (ermB, intI1, tetO and tetQ) in Tables 3.11 through 
3.14. The concentration of only one gene (ermB) were different (p<0.05) due to 
treatment, with the relative abundance of ermB in soil receiving composted manure 
higher (p<0.05) when averaged across all sampling days than the abundance observed in 
control samples. Whereas the ANOVA results did not show showed a significant 
interaction effect due to the interaction of sampling day and treatment factors, ermB did 
show significant differences due to the sampling day, with the highest relative abundance 
observed 4 weeks after application. In general, concentrations of ARGs increased during 
the early portion of the study period, reaching peak relative abundance between weeks 4 
and 7. But, by the final sampling event at week 22, there were no longer any differences 
(p<0.05) among ARG concentrations when compared to pre-treatment samples.  
Ultimately, treatment had only one significant effect when compared to control, 
increasing the total prevalence of ermB in plots receiving composted manure. However, 
on the final sampling day, there were no significant differences by treatment among the 
ARGs.  
3.4.4 Variability in qPCR results 
Observance of the extreme variance within the qPCR results (see standard 
deviations in Tables 3.11 through 3.14) illustrates the challenge in working with 
environmental samples and with highly heterogeneous materials such as soil and manure. 
The cause of the fluctuations was not readily apparent, in part because natural 
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fluctuations in heterogeneous samples should have been controlled for by normalizing 
ARG concentrations to concentration of 16S genes prior to statistical analysis as was 
done in this study.  
One possible explanation is that environmental factors continue to enrichment AR 
populations by increasing microbial activity and genetic transfer, whereas inhospitable 
conditions slow all activity including genetic transfer. Temperature, rainfall and relative 
humidity were not measured at the field site during this study; however, relevant weather 
data for 48 hours preceding each sampling event was determined using data from a 
nearby weather station, KNEWAVER10 located seven miles northwest of the study site 
near Waverly, NE. Daily precipitation data was also obtained for the entire study period 
from Lincoln 6.8 SE, NE US (CoCoRaHS station) located six miles southwest of the site 
(Table 3.15). However, correlations between ARG concentrations and environmental 
factors were not strong. R values were between -0.25 and 0.25 (Figure 3.2), indicating 
that while environmental conditions may have impacted bacterial populations these 
variables alone were not sufficient to explain the extreme variability in samples observed 
in the study.  
3.5 Discussion 
By all measures, AR increased initially following treatment applications. 
Maximum prevalence and abundance was typically observed 4 to 7 weeks following 
application. Similar studies have found that levels of AR genes would tend to decrease 
quickly in the weeks following a manure application (Marti et al., 2014). There are a 
variety of environmental pressures that could account for this reduction, soil conditions 
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are generally drier and less nutrient rich than even manure in long-term storage and other 
research on beef manure application has also found no lasting effect of beef manure on 
AR in soil samples (Miller et al., 2019).  However, because all of the genes and AR 
bacteria considered in this study were also observed in soil from control plots, it becomes 
more challenging to determine the true AR contribution of the treatments. Possibly the 
increasing changes observed were fluctuations in the native resistant populations 
responding to environmental conditions and an influx of nutrients in the fertilizers, 
especially in the carbon-rich manures. This study did include an application of NPK, 
which alone has shown potential to enrich existing AR in soil populations (Udikovic-
Kolic et al., 2014b). But the inorganic fertilizer application did not include an increase in 
carbon, in a review of manure effects on soil health metrics, including microbial 
abundance, Schott and Millmier-Schmidt (2016) found that in general manure application 
increased microbial biomass carbon, a measure of microbial abundance in soil. To control 
for fluctuations in native AR Durso et al. (2012) discussed the value of conducting a 
baseline study of AR to differentiate between anthropogenic and natural AR. Baring that 
future work should also incorporate positive control plots that apply similar rates of bio-
available carbon as are present in manure applications well as nutrients containing in 
traditional fertilizers.  
Also of interest are the level of resistance to azithromycin present in E.coli and 
the widespread prevalence of tetQ genes prior to the application of any of the fertilizers. 
While all of the genes and AR species were observed in control plots during the study, 
AZ E.coli and tetQ were especially prevalent (Tables 3.5 and 3.10). AZ E.coli moreover, 
was observed in a survey of crop residue from the site (Staley et al., 2019). This could 
70 
 
indicate a co-selection of AR with a mechanism to survive other environmental factors at 
this particular site, possibly a response the type of pesticides used. This could be because 
some of the same enzymes responsible for pesticide degradation can also act to inactivate 
an antibiotic, Ramakrishnan et al. (2019) reviewed work that describe the dual pesticide-
antibiotic degradation functions of four key enzymes including hydrolase and 
oxidoreductase which has been shown to degrade macrolide antibiotics (Bush and 
Jacoby, 2010; Morar et al., 2012) and tetracycline (Markley and Wencewicz, 2018). 
Another possibility is that exposure to herbicides might induce antibiotic resistance as 
Kurenbach et al. (2015) showed both E. coli and Salmonella developed AR in response 
dicamba or glyphosate. Forsberg et al. (2014) even found that the addition of inorganic 
fertilizers could influence AR gene concentrations. Further research into the 
metagenomic composition of the soil community at Roger’s Farm might be able to 
provide more insight into the source, native or selected for by management practices, of 
the ubiquitous resistance in soil at the site.  
Further studies should also consider why the plots receiving composted manure 
had the highest prevalence of ermB (Table 3.8), even though composted manure had the 
lowest initial concentration of ermB genes of any of the manure treatments applied (Table 
3.1). This may be because the cells that managed to survive the composting process must 
have had some other survival mechanisms, such as spore forming that made them more 
capable of surviving in the harsher soil environment then other native fecal bacteria as 
was observed by Bhamidimarri and Pandey, (1996) who found that while composting 
was effective for decreasing all pathogenic species it was less effective for spore forming 
species. Spore forming species are also common in soil and many of these soil dwellers 
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have been problematic food borne pathogens (Heyndrickx, 2011). It would be of interest 
to know more about which species were responsible for transfer of genes to soil bacteria 
form manure.  
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Application Rate 20 ton/ac 20 ton/ac 20 ton/ac 900 lb/ac N/A 
N Rate (lbs/ac) 110 28 28 141 0 
P2O5 Rate  (lbs/ac) 460 600 780 216 0 
K2O Rate  (lbs/ac) 600 660 680 94 0 
Prevalence AMR 
Bacteria (%) 






















nd 4.8 4.7 0 0 
1
 Concentrations of AR genes and bacteria in amendments as reported in preceding studies, PCR was not conducted on 














































0.00 0.00 0.00 0.00 0.00 
Prevalence of intI1 1.00 1.00 1.00 1.00 1.00 
Prevalence of ermB 0.25 0.75 0.00 0.75 0.75 
Prevalence of tetO 0.00 0.25 0.25 0.00 0.00 
Prevalence of tetQ 0.50 1.00 0.75 0.25 0.25 
Abundance of intI1 1.55 1.87 1.44 1.30 21.48 
Abundance of ermB 0.11 0.34 0.00 0.31 0.29 
Abundance of tetO 0.00 0.12 0.15 0.00 0.00 
Abundance of tetQ 0.24 0.48 0.36 0.08 0.12 
1 
Prevalence reported as proportion of total samples (n=4) containing AR bacteria or gene 
2
 Abundance reported is mean (n=4) of observed relative concentrations of AR genes measured 
copies/100,000 copies 16S  
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Table 3.3: Primers and Cycling Conditions for qPCR analysis
Gene Primer Primer Sequence Cycling Conditions Reference 
16S 
FW CGGTGAATACGTTCYCGG 95°C -2 min (1 cycle) 
(Suzuki et al., 
2000) 
RV GGWTACCTTGTTACGACTT 95°C - 5 sec, 56°C - 15 sec, 
68°C - 10 sec (40 cycles) 
intI1 
FW TGCCGTGATCGAAATCCAGATCCT 95°C - 2 min (1 cycle) 
(Rosewarne et 
al., 2010) 
RV TTTCTGGAAGGCGAGCATCGTTTG 95°C - 15 sec, 65°C - 15 sec, 
68°C - 20 sec (40 cycles) 
erm(B) 
FW GGTTGCTCTTGCACACTCAAG 95°C - 2 min (1 cycle) 
(Koike et al., 
2010) RV CAGTTGACGATATTCTCGATTG 
95°C - 15 sec, 65°C - 15 sec, 
68°C - 20 sec (40 cycles) 
tet(O) 
FW ACGGARAGTTTATTGTATACC 95°C - 15 min (1 cycle) 
(R I Aminov et 
al., 2001) 
RV TGGCGTATCTATAATGTTGAC 95°C - 15 sec, 50.3°C - 30 sec, 
68°C - 30 sec (40 cycles) 
tet(Q) 
FW AGAATCTGCTGTTTGCCAGTG 95°C - 2 min (1 cycle) 
(R I Aminov et 
al., 2001) 
RV CGGAGTGTCAATGATATTGCA 95°C - 15 sec, 63°C - 15 sec, 








Table 3.4: Prevalence of AZR E.coli over study period. Green boxes indicate presence of 







































































1 1 0 1 0 0 3
 
0 0 0 1 0 0 4
 




0 0 0 1 0 0 2
 
0 0 0 1 0 0 3
 
0 0 0 0 1 0 4
 




0 0 1 1 0 0 2
 
1 1 0 0 0 0 3
 
0 0 0 1 0 0 4
 




0 0 0 1 0 0 2
 
0 0 0 0 0 1 3
 
0 0 0 0 0 0 4
 















0 1 0 0 0 0 3
 
0 0 0 0 0 0 4
 




0 0 0 1 0 0 2
 
1 1 0 0 0 0 3
 
0 0 0 1 0 0 4
 




0 0 0 0 0 0 2
 
1 0 0 1 0 0 3
 
1 0 0 1 0 0 4
 




0 1 1 0 0 1 2
 
0 1 0 1 1 0 3
 
0 0 0 0 0 0 4
 

















1 0 0 0 0 0 3
 
0 0 0 1 0 1 4
 




0 1 0 0 0 0 2
 
0 0 0 0 0 0 3
 
1 0 0 1 0 1 4
 




1 1 0 1 1 1 2
 
1 0 1 1 0 0 3
 
0 1 1 1 0 1 4
 




0 1 0 1 0 0 2
 
0 1 0 1 0 0 3
 
0 0 0 0 0 0 4
 



















0 1 0 1 0 0 3
 
1 1 1 1 1 1 4
 




1 1 0 1 1 0 2
 
0 0 0 0 1 0 3
 
0 1 0 1 1 0 4
 




1 1 0 1 0 1 2
 
0 0 0 0 0 0 3
 
0 0 0 1 0 0 4
 




0 1 0 1 0 1 2
 
1 1 0 0 0 0 3
 
0 1 0 0 0 0 4
 




















0 1 0 1 0 0 3
 
1 1 0 1 0 0 4
 




1 0 0 0 0 0 2
 
0 1 0 1 0 0 3
 
0 0 0 0 0 0 4
 




0 0 0 0 1 0 2
 
0 0 0 1 0 0 3
 
0 1 1 1 1 0 4
 




1 0 0 0 0 0 2
 
0 0 0 1 0 0 3
 
1 1 0 0 0 0 4
 





















Table 3.5: Prevalence of TET
R
 E.coli over study period. Green boxes indicate presence of 
AR bacteria; significance of differences in overall proportions determined at α= 0.05 
level 
Treatment Plot 



















































0 0 0 1 0 0 
0.02 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
2 
0 0 0 0 0 0 
0 0 0 1 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
3 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 








0 0 0 0 0 0 
0.01 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
2 
0 0 0 0 0 0 
1 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
3 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 










0 0 0 0 0 0 
0.00 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
3 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 












0 0 0 0 0 0 
0.04 
0 0 0 1 0 0 
0 0 0 0 0 1 
1 0 0 1 0 0 
2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
3 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 












0 0 0 0 0 0 
0.01 
0 0 0 0 0 0 
0 0 0 0 0 0 
1 0 0 0 0 0 
2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
3 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 









Table 3.6: Prevalence of TET
R
 Enterococci over study period. Green boxes indicate 
presence of AR bacteria; significance of differences in overall proportions determined at 































































0 0 0 0 0 0 
0.09 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
2 
0 0 0 0 0 0 
0 0 0 1 0 0 
0 0 0 0 0 0 
0 0 0 1 0 0 
3 
0 0 0 0 0 1 
0 1 0 0 0 0 
0 1 1 0 0 1 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 1 0 0 
0 0 0 0 0 0 








0 0 0 0 0 0 
0.13 
0 0 0 0 0 0 
0 0 0 0 0 1 
0 0 0 1 0 0 
2 
0 0 0 0 0 1 
0 0 0 0 0 1 
0 0 1 1 0 0 
0 0 0 0 1 0 
3 
0 0 0 0 1 0 
0 0 0 0 1 0 
0 0 0 0 0 0 
0 0 0 1 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 1 1 0 0 









0 0 0 0 0 0 
0.10 
0 0 0 0 0 0 
0 0 0 0 0 1 
0 0 0 0 0 0 
2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 1 0 0 0 0 
3 
0 0 1 0 0 0 
0 0 1 1 0 0 
0 0 0 0 0 0 
0 1 0 0 0 0 
4 
0 0 0 0 1 0 
0 0 0 1 0 0 
0 0 0 1 0 0 













0 0 1 1 0 1 
0.19 
0 0 0 0 0 0 
0 0 0 0 0 1 
0 1 1 1 0 1 
2 
0 0 1 1 0 0 
0 0 0 1 0 0 
0 0 0 0 0 0 
0 0 0 1 0 0 
3 
0 0 0 0 0 0 
0 0 0 0 1 0 
0 0 0 1 1 0 
0 0 0 1 0 0 
4 
0 0 0 0 0 0 
0 1 0 0 0 0 
0 0 0 0 1 0 













0 0 0 0 0 0 
0.11 
0 0 0 0 0 0 
0 1 0 1 0 0 
0 0 0 0 0 0 
2 
0 0 0 0 1 0 
0 0 0 0 1 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
3 
0 1 0 1 0 0 
0 1 0 0 0 0 
0 1 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 1 1 0 0 0 






















Table 3.7: Prevalence of TY
R
 Enterococci over study period. Green boxes indicate 
presence of AR bacteria; significance of differences in overall proportions determined at 































































1 0 0 0 0 0 
0.05 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
2 
0 0 0 0 0 0 
0 0 0 1 0 0 
0 0 0 0 0 0 
0 0 0 1 0 0 
3 
0 0 0 0 0 1 
0 0 0 0 0 0 
0 0 0 0 0 1 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 








0 0 0 0 0 0 
0.11 
0 0 0 0 0 0 
0 0 0 0 0 1 
0 0 0 0 0 0 
2 
0 0 0 0 0 1 
0 1 0 0 0 1 
0 0 1 0 1 0 
1 1 0 0 1 0 
3 
0 0 0 0 1 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 1 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 









0 0 0 0 0 0 
0.04 
0 0 0 0 0 0 
0 0 0 0 0 1 
0 0 0 0 0 0 
2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
3 
0 1 0 0 1 0 
0 0 1 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 













0 0 1 1 0 1 
0.07 
0 0 0 0 0 0 
0 0 0 0 0 1 
0 1 0 1 0 1 
2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
3 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 













0 0 0 0 0 0 
0.07 
0 0 0 0 0 0 
0 0 0 1 0 0 
0 0 0 0 0 0 
2 
0 1 0 0 1 0 
0 1 0 0 0 0 
0 0 0 0 1 0 
0 0 0 0 1 0 
3 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 1 0 0 0 0 
0 0 0 0 0 0 
4 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 










Table 3.8: Prevalence of ermB over study period. Green boxes indicate presence of AR 


























































 1 1 1 1 1 0 0 
0.67
b 
2 0 1 1 1 1 1 
3 0 1 1 1 1 0 







1 0 1 0 1 0 1 
0.38
a 
2 0 0 1 1 0 0 
3 0 0 0 0 1 0 









1 0 1 1 1 0 0 
0.38
a 
2 0 0 0 1 0 0 
3 0 0 1 1 0 1 

















2 0 0 0 1 0 0 
3 1 0 1 1 0 0 

















2 0 1 1 1 0 0 
3 1 0 1 1 1 0 




















Table 3.9: Prevalence of tetO over study period. Green boxes indicate presence of AR 




























































 1 0 0 0 1 0 1 
0.50 
2 1 0 1 1 1 1 
3 0 0 0 1 0 1 







1 0 1 1 0 1 1 
0.50 
2 0 0 1 0 1 1 
3 0 0 1 1 0 0 









1 0 1 1 1 1 1 
0.54 
2 1 0 0 0 0 1 
3 1 0 1 1 1 0 













1 0 0 0 0 0 0 
0.29 
2 0 0 0 1 0 0 
3 0 0 1 1 0 0 













1 1 1 1 1 0 0 
0.50 
2 0 0 1 0 1 0 
3 0 0 1 1 1 0 
4 1 0 0 1 1 0 





















Table 3.10: Prevalence of tetQ over study period. Green boxes indicate presence of AR 




























































 1 1 1 1 1 1 1 
0.71 
2 1 0 1 1 1 1 
3 1 0 0 0 1 0 







1 1 1 1 1 0 1 
0.63 
2 1 0 1 1 1 1 
3 1 0 0 1 0 1 









1 1 1 1 1 1 1 
0.79 
2 1 0 0 1 1 1 
3 1 0 1 1 0 1 













1 1 0 0 1 1 1 
0.75 
2 1 0 1 1 1 1 
3 1 0 1 1 0 1 













1 1 1 1 1 1 1 
0.79 
2 1 0 1 1 1 1 
3 0 0 1 1 1 1 
4 1 0 1 1 0 1 



















Table 3.11: Effect of fertilizer treatment, and sampling day on mean concentration of 









2   P = 0.033 
Composted Manure 0.82
 b 1.20  
Control 0.14
 a 0.25  
Fresh Manure 0.38
 ab 0.90  
Inorganic Fertilizer 0.27
 ab 0.45  
Stockpiled Manure 0.50
 ab 1.45  
Sampling Event
3   P = 3.3E-6 
Week 0 0.10
 a 0.25  
Week 2 0.24
 a 0.38  
Week 4 1.53
 b 2.11  
Week 7 0.45
 a 0.46  
Week 11 0.21
 a 0.41  
Week 22 0.08
 a 0.19  
Fertilizer x Sampling Event






Composted Manure 0.22 0.45  
Control 0.00 0.00  
Fresh Manure 0.00 0.00  
Inorganic Fertilizer 0.17 0.34  






Composted Manure 0.46 0.51  
Control 0.16 0.25  
Fresh Manure 0.32 0.63  
Inorganic Fertilizer 0.11 0.23  






Composted Manure 2.47 2.37  
Control 0.16 0.32  
Fresh Manure 1.68 1.94  
Inorganic Fertilizer 0.89 0.85  






Composted Manure 0.75 0.89  
Control 0.17 0.26  
Fresh Manure 0.47 0.37  
Inorganic Fertilizer 0.31 0.20  






 Composted Manure 0.78 0.57  
Control 0.05 0.10  
Fresh Manure 0.00 0.00  
Inorganic Fertilizer 0.00 0.00  






 Composted Manure 0.20 0.39  
Control 0.05 0.10  
Fresh Manure 0.08 0.17  
Inorganic Fertilizer 0.00 0.00  
Stockpiled Manure 0.06 0.12  
1 Reported in copies of gene/100,000 copies of 16S 
2 Fertilizer means, n = 24 
3 Sampling event means, n =20 






Table 3.12: Effect of fertilizer treatment, and sampling day on mean concentration of 









2   P = 0.090 
Composted Manure 5.41 9.99  
Control 2.31 4.89  
Fresh Manure 4.09 4.55  
Inorganic Fertilizer 1.62 2.70  
Stockpiled Manure 2.46 1.73  
Sampling Event
3   P = 0.104 
Week 0 3.26 5.99  
Week 2 5.16 3.78  
Week 4 1.41 2.55  
Week 7 2.87 2.26  
Week 11 5.66 11.01  
Week 22 1.21 1.71  
Fertilizer x Sampling Event






Composted Manure 6.38 10.06  
Control 2.58 3.99  
Fresh Manure 5.37 8.65  
Inorganic Fertilizer 0.32 0.35  






Composted Manure 8.56 3.36  
Control 2.05 1.74  
Fresh Manure 6.22 3.19  
Inorganic Fertilizer 4.36 5.52  






Composted Manure 3.38 1.53  
Control 0.95 0.37  
Fresh Manure 3.07 2.67  
Inorganic Fertilizer 3.16 3.72  






Composted Manure 14.91 24.06  
Control 1.47 1.15  
Fresh Manure 7.33 3.62  
Inorganic Fertilizer 1.64 0.95  






 Composted Manure 1.27 0.44  
Control 0.63 0.71  
Fresh Manure 2.19 3.30  
Inorganic Fertilizer 0.33 0.19  






 Composted Manure 1.85 1.80  
Control 0.43 0.36  
Fresh Manure 3.33 5.35  
Inorganic Fertilizer 0.34 0.15  
Stockpiled Manure 1.12 0.94  
1 Reported in copies of gene/100,000 copies of 16S 
2 Fertilizer means, n = 24 
3 Sampling event means, n =20 






Table 3.13: Effect of fertilizer treatment, and sampling day on mean concentration of 









2   P = 0. 568 
Composted Manure 1.20 1.89  
Control 2.63 9.57  
Fresh Manure 4.10 15.80  
Inorganic Fertilizer 0.32 0.59  
Stockpiled Manure 2.33 5.79  
Sampling Event
3   P = 0.605 
Week 0 0.49 1.41  
Week 2 4.88 18.70  
Week 4 0.58 0.87  
Week 7 0.92 1.36  
Week 11 2.68 4.20  
Week 22 3.86 11.18  
Fertilizer x Sampling Event






Composted Manure 0.51 1.01  
Control 0.00 0.00  
Fresh Manure 1.75 2.92  
Inorganic Fertilizer 0.00 0.00  






Composted Manure 1.04 2.08  
Control 1.28 1.79  
Fresh Manure 21.03 42.05  
Inorganic Fertilizer 0.39 0.79  






Composted Manure 0.58 1.17  
Control 2.07 2.34  
Fresh Manure 0.71 1.19  
Inorganic Fertilizer 0.37 0.44  






Composted Manure 3.35 3.26  
Control 0.14 0.27  
Fresh Manure 2.39 3.36  
Inorganic Fertilizer 1.09 0.81  






 Composted Manure 1.05 2.10  
Control 14.70 24.15  
Fresh Manure 1.97 2.07  
Inorganic Fertilizer 0.00 0.00  






 Composted Manure 1.48 1.17  
Control 0.25 0.26  
Fresh Manure 0.85 1.01  
Inorganic Fertilizer 0.35 0.70  
Stockpiled Manure 0.00 0.00  
1 Reported in copies of gene/100,000 copies of 16S 
2 Fertilizer means, n = 24 
3 Sampling event means, n =20 






Table 3.14: Effect of fertilizer treatment, and sampling day on mean concentration of 







1 P value 
 Fertilizer
2   P = 0. 122 
Composted Manure 2.31 3.34  
Control 0.97 1.44  
Fresh Manure 6.28 19.09  
Inorganic Fertilizer 0.82 0.94  
Stockpiled Manure 5.18 10.56  
Sampling Event
3   P = 0.348 
Week 0 0.37 0.42  
Week 2 6.10 22.75  
Week 4 4.37 8.81  
Week 7 2.25 2.27  
Week 11 5.74 9.10  
Week 22 1.93 3.71  
Fertilizer x Sampling Event






Composted Manure 0.14 0.19  
Control 0.68 0.61  
Fresh Manure 0.66 0.54  
Inorganic Fertilizer 0.26 0.05  






Composted Manure 1.60 2.90  
Control 1.85 2.61  
Fresh Manure 25.61 51.21  
Inorganic Fertilizer 0.55 1.10  






Composted Manure 3.62 2.47  
Control 0.31 0.56  
Fresh Manure 3.19 3.20  
Inorganic Fertilizer 1.54 1.17  






Composted Manure 2.96 2.71  
Control 1.88 2.02  
Fresh Manure 6.71 3.50  
Inorganic Fertilizer 1.66 0.73  






 Composted Manure 4.25 7.54  
Control 0.73 1.45  
Fresh Manure 1.72 1.83  
Inorganic Fertilizer 0.65 1.23  






 Composted Manure 2.07 2.29  
Control 0.96 0.96  
Fresh Manure 5.30 2.47  
Inorganic Fertilizer 1.08 0.47  
Stockpiled Manure 12.43 18.83  
1 Reported in copies of gene/100,000 copies of 16S 
2 Fertilizer means, n = 24 
3 Sampling event means, n =20 






Table 3.15: Weather data used in correlation to gene concentrations 
Sampling Date Week 
Average air 
temperature 










48 hrs. preceding 
sampling event1 
(%) 
30-Oct 0 53 0.30 58 
13-Nov 2 22 0.50 64 
27-Nov 4 20 0.37 72 
19-Dec 7 42 1.87 68 
17-Jan 11 28 2.62 66 
1-April 22 37 4.51 48 
1
Data sourced from station at Waverly, NE (KNEWAVER10) 
2







Weeks following application     
Average air temperature 
during 36 hrs preceeding 
sampling 
    
Average relative humidity 
during 36 hrs preceeding 
sampling 
    
Total precipitation between 
sampling events 
    
Nitrogen applied     
Phosphorous applied     
Initial intI1 concentration in 
ammendment 
    
Initial ermB concentration in 
ammendment 
    
Initial tetO concentration in 
ammendment 
    
Initial tetQ concentration in 
ammendment 
    
 intI1 ermB tetO tetQ 
R Value         
 -1    -0.75      -0.5     -0.25        0       0.25      0.5      0.75    1 
Figure 3.6: Correlation of experimental factors (Sampling event, relative humidity, air 
temperature on sampling day, precipitation since previous sampling, gene concentration 
and nutrient concentration of amendment) to ARG concentrations (intI1, ermB, tetO and 




4 The iAMResponsible Project™: Building a Communication 
Network to Motivate Broad Action on Antimicrobial Resistance 
Mara Zelt, and Amy Millmier Schmidt  
4.1 Abstract 
Antimicrobial resistant (AR) infections have been recognized globally as a 
significant threat to public health. While research has progressed since launching the 
AFRI Food Safety AR Program, a process for conveying science-based knowledge on 
AR dynamics to agricultural producers and consumers remains undeveloped. Therefore, a 
nationwide team of research and extension professionals with expertise in livestock 
production, veterinary medicine, food safety, communication strategies and 
environmental management teamed up to develop capacity to design and deliver 
extension programming focused on AR. The project’s title, “iAMResponsible”, is 
intended to convey a shared obligation to understand the impacts of growing AR, adopt 
science-based practices to mitigate AR, and preserve the efficacy of antibiotics for future 
generations. One area of outreach the iAMResponsible team has engaged in is social 
media, regularly posting material to Facebook and Twitter. This assessment examines the 
efficacy of outreach efforts on Twitter to meet project goals and identify new possibilities 
for extension programming on AR.  
4.2 Introduction 
Antimicrobial resistance (AR) is contributing to global incidences of untreatable 
microbial infections. By one estimate, AR is destined to become the leading cause of 
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death by 2050, claiming 10 million victims per year (O’Neill and RAR, 2016).While 
significant uncertainty about the exact cause(s) and factors impacting proliferation of AR 
still exists (Martínez, 2008), it is clear that action must be taken to address this global 
health crisis. As research continues to focus on the causes and risk of AR infections, 
developing nationwide capacity for conducting effective scientific outreach and 
stakeholder education is critical to disseminating best management strategies to reduce 
AR related human health risks. In the 2016 report from the Review on Antimicrobial 
Resistance O’Neill and RAR (2016), specialists in this field of science provided 
recommendations on addressing AR. First on their list was “A public awareness 
campaign”. In general, communicating the level of risk associated with AR in clinical 
and nonclinical settings is recognized as an essential component to effective 
communication on AR (Bengtsson-Palme and Larsson, 2015). 
 Research to characterize AR in microbial populations within the food supply 
chain has progressed since launching the AFRI Food Safety AR Program. However, a 
nationwide coordinated effort among university extension programs to convey science-
based knowledge on AR dynamics to stakeholders, including agricultural producers, food 
safety experts, educators, consumers, medical professionals, and policymakers, remains 
undeveloped. In the United States, university extension programming is chiefly aimed at 
providing scientific and professional services to communities and industries (Mclean et 
al., 2007). As such, extension is vital for technology transfer from research to application, 
and has been, and will continue to be, essential to the promotion of sustainable 
agricultural practices and healthy communities across the United States. AR is a 
relatively new topic of concern within the agricultural community and demands extension 
94 
 
programming that meets the guidelines in the World Health Organization’s action plan on 
AR: improve awareness of the problem, translate research to applicable practices for 
stakeholders, improve infection prevention practice among livestock producers and food 
consumers, and education to enhance antibiotic stewardship practices on-farm and in the 
home (WHO, 2015).  
4.2.1 Effective outreach to change behavior  
Much discussion has centered on the most effective means of communicating 
scientific information to lay audiences. Advertising research has identified a multi-stage 
process of consumer decision making, which has been translated for broader application 
as the “marketing funnel” (Abhishek et al., 2012; Figure 4.1). The journey down the 
funnel begins with ‘Awareness’. Engaging with audiences at the awareness stage requires 
increasing the number of people who have heard about AR. As an audience becomes 
more aware of AR, they may be brought into the ‘Interest’ segment of the funnel. An 
interested audience cares about AR and perceives it is meaningful to them. Once the 
audience is interested, they may move to the ‘Desire’ segment. Audiences in the desire 
segment are seeking more information about AR, and trying to determine what needs to 
be done to address the crisis. Finally, when the audience begins to change behavior to 
reduce their risk for increasing AR or contracting an AR infection, they can be said to be 
in the ‘Action’ segment of the funnel (Clow, 2013). Audiences in each segment require 
slightly different types of messaging, outreach, or educational opportunities. For that 
reason, a national outreach effort for AR should include multiple layers of programming, 
a broad network of contributors, and outlets that can serve audiences at each level, 
effectively moving them from ‘Awareness’ to ‘Action’.  
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4.2.2 iAMResponsible  
AR is a vast and highly complex problem that must be approached both singularly 
and collaboratively by a variety of disciplines, industries, agencies and organizations 
worldwide. Numerous entities are actively disseminating AR-related information to the 
general public and/or specific sectors of society, including the Centers for Disease 
Control (CDC), Food and Drug Administration (FDA), World Health Organization 
(WHO), Natural Resources Defense Council (NRDC), among many other governmental 
agencies and professional societies. In fact, an internet search of the term “antibiotic 
resistance” returns nearly 60 million results in less than a second (December 6, 2019). 
But few, if any, search results are associated with university outreach and engagement 
efforts, like university extension. 
University Extension has been instrumental in getting knowledge out to the 
masses, demonstrating practical applications that have significant benefit, and hastening 
adoption of relevant practices and technologies. A nationwide team of research and 
extension professionals with expertise in livestock production, veterinary medicine, food 
safety, communication strategies and environmental management was established in 2018 
to develop capacity to design and deliver consistent nationwide extension programming 
focused on AR (Figure 4.2). The project title, “iAMResponsible” (iAMR), is intended to 
convey that everyone has a role in addressing the AR-related health crisis. As such, the 
universal obligation among people worldwide to understand AR and learn how they can 
adapt to using science-based practices to mitigate AR and preserve the efficacy of 
antibiotics for future generations is communicated via the project tagline: Understand. 
Adapt. Preserve. The iAMR Project seeks to engage with researchers, agencies, educators 
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and other stakeholders who are leading AR-related efforts to leverage resources and 
amplify dissemination of AR -related information.  
The objectives of the iAMResponsible™ project are to: (i) increase nationwide 
capacity to develop AR related educational content, (ii) facilitate the dissemination of 
research-based materials through a national network of project members and 
collaborators, (iii) effectively engage audiences of disparate backgrounds on a shared 
responsibility for AR, and (iv) empower behavioral changes among audience members 
that preserves the efficacy of antibiotics. 
4.2.3 Network building through social media 
Social media can be a useful tool for network building and communication, as the 
expanse of social media has created new ways for people to engage with information and 
collaborate around the world in nearly real-time. However, it is important to understand, 
first, who is your target audience, and, second, on what platforms will you find them? A 
survey conducted by the Pew Research Center in early 2019 revealed several valuable 
pieces of information for anyone wishing to connect with a specific audience through 
social media (Perrin and Anderson, 2019). Facebook and YouTube capture the largest 
share of users among all social media platforms, with 69 and 73% of adults reporting use 
of each, respectively. However, age-related differences are evident among platform use. 
For instance, while 67% and 62% of 18- to 29-year-olds use Instagram and Snapchat, 
respectively, only about 25% of adults 30 years old or older report using Snapchat, and 
less than 50% of adults in this age group report using Instagram. Thus, if a single social 
media platform (e.g. Twitter, Facebook, Instagram, etc.) or a single profile within a social 
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media platform, are to be used, messaging likely will need to be broad (to meet the needs 
of the intended diverse audience), frequent (to ensure adequate exposure of content to 
followers given that not all posts will be relevant to all followers) and engaging (to 
facilitate sharing of content by followers with relevant members of their social network 
through other platforms. 
Building a communication network is an essential part of establishing a 
collaborative and comprehensive national outreach effort on AMR. This project 
assessment focuses on the network building and communication efforts of the iAMR 
project (@i_AMResponsible) via the social media platform Twitter. 
Twitter (Twitter Inc., San Francisco, CA), is a microblogging platform for 
messages of fewer than 240 characters, which can include pictures or other media links. 
Twitter has 320 million monthly active users, with more than 500 million average daily 
messages sent (Internet Live Stats, 2019). Messages sent on Twitter are called tweets. 
User names on Twitter begin with an @ symbol. Including the @ ahead of a username in 
a tweet, or post, is called a “mention” and Twitter notifies the user who has been 
mentioned. Words preceded by the # symbol are called hashtags; tweets containing 
hashtags are included in an online search of that term (Cosco, 2015). 
A twitter “impression” occurs when a Twitter user simply sees the message in 
question in their timeline, while “engagement” occurs when the user interacts with the 
message. There are several types of engagement including: retweets, replies, follow the 
author, like the tweet, watch a video, expand a photo or follow a link. Twitter provides 
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basic data analytics to all users which includes the total impressions and engagements for 
all of the tweets posted.  
Twitter is widely used by scientists and scientific publications to promote and 
discuss recent publications and ongoing projects (Kelly et al., 2016). However, in 
discussions of AMR, Twitter activity is dominated by only a small number of experts and 
discussion remains disjoined and diffuse (Wellcome Trust, 2019).  It is important to 
encourage more collaboration between technical experts, reinforcing messages, reframing 
as a collaborative issue and rethinking communication in any context as actionable for 
non-technical audience.  
4.3 Materials and Methods 
4.3.1 Account Management 
During its first year of activity on Twitter, 423 posts (370 original tweets + 53 
retweets)  were shared through iAMR’s  account. Posting is managed using Hootsuite 
social media manager. Original posts are scheduled for every Monday through Friday at 
noon central time. Posts may contain original graphics from the iAMR media library or 
related content from around the web. Under current management the account posts at 
least one newly created piece of original media each week. Posts may also contain iAMR 
graphics that have been posted previously and which pertain to the topic of the freshly 




 2019 the 
account posted 5 tweets on AR in manure and waste treatment environments. These posts 
included one new graphic (Sept 9
th









) (Figures 4.3 
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through 4.7). In addition to original posts are added 53 occasions the account retweeted a 
post from another user without comment.  
4.3.2 Content creation and disseminating  
The iAMR team leverages their network to collect and curate published scientific 
research on AR. These published research articles then serve as the basis for the creation 
of social media and print ready graphics (Figure 4.8). The original graphics formed the 
core of a growing media library of materials available for download at 
https://airtable.com/shrxfF2UjVTvNwJtb. iAMR’s social media accounts have been the 
principal agent for disseminating library materials during the first year. For this 
assessment the efficacy of social media dissemination was measured in the total 
impressions earned by outputs and geographical reach of account's followers. Tweet 
impressions are measured by Twitter’s analytics and available for download to any user. 
Geographic reach was determined by follower network analysis of the iAMR Twitter 
account by Followerwonk.com (Followerwonk, 2019) 
4.3.3 Network building 
Use of social media to build a communication network for AR materials was 
measured by the following metrics: total followers, frequency of keywords in search of 
follower bios, and proportion of twitter followers shared by established accounts in key 
subject areas. Total followers are listed in the profile of any Twitter user. Twitter bios are 
short (max 160-character), user-written descriptions of the account which often include 
information about user profession and interests. Follower network analysis from 
Followerwonk.com analyzed the most frequent words and two-word phrases that appear 
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in the twitter bios of followers of a specific user (Figure 4.9). Followerwonk analytics 
also compare the follower networks of up to 3 accounts. This assessment of iAMR’s 
Twitter outreach used the network comparison feature from Followerwonk to conduct 
seven 3-account comparisons of follower populations to determine the proportion of 
iAMR followers shared in established accounts in 7 interest sectors; accounts are listed in 
Table 4.1. The accounts used for comparison were chosen according to the following 
parameters: mid-range follower size (defined at between 1000 and 100,000); accounts 
associated with an organization or agency (i.e. not an individual user); account was active 
for at least four years; and the account had a higher social authority score than iAMR. 
Social authority is metric created within Followerwonk to measure a user’s social media 
influence. Social authority is determined on a 1 to 100-point scale and is composed of the 
retweet rate of the users’ last hundred tweets and the recency of the tweets (Bray, 2013). 
iAMR’s Twitter account has a social authority rating of 45.  
4.3.4 Measuring audience engagement 
This assessment uses the engagement rate, provided by Twitter analytics to 
measure audience interest in published materials. Twitter’s engagement rate is the 
percentage of audience which saw a tweet (i.e. number of impressions the tweet received) 
interacted with the tweet in some way (interactions include retweets, likes, link clicks, 
follows, media opens, etc.). An exploration of Twitter analytics data also allows for an 
examination of the relationship of engagement rate to specific message factors. In order 
to measure audience interest in specific topics engagement rate was determined for tweets 
containing keywords and symbols based on frequently occurring words in tweets made 
by iAMR during its first year of activity on Twitter (Figure 4.10). 
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4.4 Results and Discussion 
Twitter is only one of the outreach activities undertaken by the iAMR project 
team during its first year of activity. Therefore, it is unreasonable to expect this one 
activity to meet all of the larger project goals; however examination of the work that has 
been done on Twitter within the structure of the project goals is a useful framework to 
assess these efforts and to inform future outreach work by the project team. 
4.4.1 Network building 
The iAMR project’s first goal was to increase nationwide capacity to develop AR 
related education content. This goal can be served by social media activity in two ways: 
(1) growing a network of experts to collaborate with, contribute to, or seek out iAMR 
team members and resources in their work, and (2) as a method of information seeking 
for iAMR twitter management to collect new information and resources to grow the 
media library or create new social media content.  
During the first year of activity the iAMR twitter account had a net gain of more 
than 2600 followers (2623 as of Nov 6, 2019). Looking at the most frequently appearing 
keywords in iAMR follower biographies provides some insight into the composition of 
the audience (Figure 4.9). Preeminent among these keywords are “Public Health,” 
“Global Health,” “Infection Prevention,” and “PhD Candidate.” Given this collection of 
terms it can be inferred that the iAMR audience likely has a strong interest in, and 
awareness of public health threats like AR, and are likely engaged with or taking action 
on AR. This would indicate that while iAMR Twitter outreach has been effective at 
building a network among interested, engaged, and knowledgeable people in scientific 
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fields, social media efforts have been less effective in reaching audiences who are 
unaware or uninterested in AR. 
Further analysis of iAMR’s follower network in a comparison to the networks of 
established accounts, active in 7 key subject areas (antibiotic resistance, animal health, 
food safety, animal agriculture, pharmaceuticals, public health, and health news), 
illustrates that the iAMR account has higher proportion of audience members who are 
engaged on topics like public and animal health than those engaged on issues like food 
safety or animal agriculture (Figure 4.11). Acknowledging that this result is highly 
dependent on the specific accounts used in this comparison, this result does parallel what 
was observed in the examination of keywords occurring in follower biographies: users 
following the iAMR account are more likely to be already interested in AR or health than 
they are to be engaged with food safety or animal agriculture.  
Thus, in a network building context Twitter has proved valuable for awareness 
building among experts or interested non-experts to recognize the iAMR project as a 
reliable source and a valuable partner. Additionally, regular engagement with the 
follower network has surfaced interesting new research which has served as the basis of 
new iAMR graphics and outreach materials. Nevertheless, future work network-building 
efforts should incorporate training of individuals already trusted by key audiences to 
more effectively grow network capacity on AR.  
4.4.2 Dissemination of research-based information on AR 
The iAMR project’s second goal was to facilitate the dissemination of research-
based materials. During its first year on the service iAMR tweets earned roughly 500,000 
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total impressions (503,000 as of Nov 6, 2019) on 423 total tweets (370 original tweets 
and 53 retweets), or roughly 1200 impressions per tweet. Impressions measure only the 
times a user has seen a tweet and thus are not a measure of audience engagement. 
Therefore, while impressions function as a useful measure of dissemination they are not a 
reliable measure of communication impact. Furthermore, in examining the geographical 
reach of iAMR’s followers (Figure 4.12) it is evident that iAMR has a larger international 
than domestic audience, with particularly large nodes in Great Britain and Eastern Africa.  
4.4.3 Engagement of disparate audiences on AR 
The project’s third goal was to effectively engage audiences of disparate 
backgrounds on their shared responsibility for AR. Overall engagement by audience 
members with tweets from iAMR for the first year of activity are illustrated in Figure 
4.13. For the 423 tweets during the first year, iAMR generated roughly 20 engagements 
per tweet, of those engagements roughly 2 were link clicks, about 5 were retweets, and 8 
were likes. In the context of a per tweet average for impressions (1350) these numbers 
seem very low but in fact iAMR’s overall engagement rate of 1.5% (2.5% for original 
iAMR posts) is well above average. In 2019 the social media monitoring company 
Mention completed an analysis of the more than 700 million tweets posted in 2018 and 
found the median engagement rate was about 0.5% (Mention, 2019). In that sense iAMR 
is doing very well at engaging its audience.  
 To examine what topics were of particular interest to the audience the 
engagement rate data was broken down by keywords contained in the body of iAMR’s 
tweets.The mean engagement rate for tweets containing select keywords or symbols 
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(manure, hand, food, livestock, prescription, antibiotic, antimicrobial, drug, bacteria, 
virus, superbug, hygiene, agriculture, #, and @) are illustrated in Figure 4.14. User 
engagement was highest with tweets containing an “@” symbol, based on a 95% 
confidence interval about the mean. Whereas, users were less likely to engage with 
tweets containing the words livestock, agriculture or prescription when compared to the 
overall engagement with of iAMR’s posts.  
Not all engagements Twitter engagement is equal as a measure of behavioral 
change, but they are at the very minimum a count of how many people interacted with the 
research-based information iAMR produced. The total number of twitter followers and 
follower engagement, especially retweets, are also indicators of how effective twitter 
networking has been for increasing the reach of the project and building a network for 
sharing new research as it is developed.  Future work should continue to provide the 
audience with research-based and engaging social media content, and share access to the 
media library more broadly with interested experts and collaborators. 
It is clear that followers of the iAMR account are engaged with the content output 
from the account, and that the total reach and geographical reach of the account has 
grown at a rate commiserate with similar accounts. Overall engagement is strong, and per 
tweet averages of retweets and link clicks show that the audience is interested in and 
relies on iAMR outputs.  Using the marketing funnel framing, this indicates that the 
iAMR twitter feed is filling a useful communication niche for audiences who are seeking 
information, or who are engaged in spreading awareness of AR to others. However, 
engaging a global network of expert partners should be coupled with efforts that 
effectively reach audiences still unaware of AR or detached from the problem.  
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4.4.4 Changing behavior to mitigate AR risks 
The project’s final goal was to empower change among different audience groups 
that preserves the efficacy of antibiotics. Unfortunately, none of the Twitter data that was 
considered in this assessment can show if iAMR twitter outreach has effectively altered 
audience views and/or actions in anyway. By the nature of the platform it is difficult to 
determine if the audience is moving down the marketing funnel from awareness to action 
or simply growing among persons in the same segment of the funnel. That is why it will 
be essential for future work to incorporate methods that can give information about a 
change in attitude or behavior that the iAMR audience may be experiencing. For this 
reason the iAMR group is teaming up with assessment experts at the University of 
Nebraska to develop surveys for a social media audience that could begin to show change 
and over-time impact.   
4.5 Conclusion 
The efforts of the iAMResponsible project on Twitter have made strides toward 
growing capacity to disseminate research-based materials on this social media platform. 
If current management continues to increase the reach of the outreach efforts in this space 
it would be expected that the iAMResponsible account could become a leader for 
information related to AR. What is less clear is that the current management approach 
will be effective at reaching non-scientific audiences or impact behavioral change using 
social media outreach alone.  
The iAMResponsible project team should continue efforts to identify educational 
needs and to produce and curate research-based content intended to improve public 
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awareness about AR, and improve access among producers, consumers, and stakeholders 
to research-based information about potential AR-related food safety risks. Public 
awareness and social media efforts should be coupled with an evaluation of audience 
needs to identify gaps in informational materials and outreach methods. The team will 
also need to further refine outreach efforts towards improving the ability among 
producers, consumers, and stakeholders to assess and adopt practices to mitigate potential 
AR-related risks. 
4.6 Acknowledgements 
Funding for this research was provided by USDA-NIFA Nos. 2017-68003-26497, 
2018-68803-27467, and 2018-68003-27545. The following individuals are recognized for 
their contributions to this project as collaborators and content contributors: Dr. Stephanie 
Lansing, Dr. Rick Stowell, Dr. Xu Li, Dr. Lisa Durso, Dr. Lindsay Chichester, Dr. Sid 
Thakur, Dr. Jovana Kovacevic, Dr. Eduardo Gutierrez-Rodriguez, Dr. Kari Nixon, Dr. 
Rohan Tikekar, Dr. Divya Jaroni, Dr. David Lansing, Curt Gooch, Ece Bulut, Eric 
Henning and Andrea Harris. 
4.7 References 
Abhishek, V., Fader, P., Hosanagar, K. (2012). The long road to online conversion: A 
model of multi-channel attribution. SSRN Electronic Journal. 
https://doi.org/10.2139/ssrn.2158421 
Bengtsson-Palme, J., Larsson, D. G. J. (2015, June 18). Antibiotic resistance genes in the 
environment: Prioritizing risks. Nature Reviews Microbiology. Nature Publishing 
Group. https://doi.org/10.1038/nrmicro3399-c1 
Bray, P. (2013). Social authority: Our measure of Twitter influence. Retrieved November 
6, 2019, from https://moz.com/blog/social-authority 
Clow, D. (2013). MOOCs and the funnel of participation. In ACM International 
107 
 
Conference Proceeding Series (pp. 185–189). 
https://doi.org/10.1145/2460296.2460332 
Cosco, T. D. (2015). Medical journals, impact and social media: An ecological study of 
the Twittersphere. CMAJ, 187(18), 1353–1357. https://doi.org/10.1503/cmaj.150976 
Followerwonk. (2019). Analysis of users following i_AMResponsible on Twitter. 
Retrieved November 5, 2019, from https://followerwonk.com/qrGU 
Internet Live Stats. (2019). Twitter usage statistics. Retrieved November 5, 2019, from 
https://www.internetlivestats.com/twitter-statistics/ 
Kelly, B. S., Redmond, C. E., Nason, G. J., Healy, G. M., Horgan, N. A., Heffernan, E. J. 
(2016). The use of Twitter by radiology journals: An analysis of Twitter activity and 
impact factor. Journal of the American College of Radiology, 13(11), 1391–1396. 
https://doi.org/10.1016/j.jacr.2016.06.041 
Martínez, J. L. (2008, July 18). Antibiotics and antibiotic resistance genes in natural 
environments. Science. American Association for the Advancement of Science. 
https://doi.org/10.1126/science.1159483 
Mclean, S., Beale, B., Macbey, K., Romano, S. (2007). University extension and social 
change: Positioning a university of the people in Saskatchewan. Adult Education 
Quarterly, 58(1), 3–21. https://doi.org/10.1177/0741713607305945 
Mention. (2019). 2018 Twitter Report. Retrieved from 
https://mention.com/en/reports/twitter/ 
O’Neill, J., RAR. (2016). Tackling drug-resistant infections globally: Final report and 
recommendations. Retrieved from https://amr-
review.org/sites/default/files/160525_Final paper_with cover.pdf 
Perrin, A., Anderson, M. (2019). Share of U.S. adults using social media, including 
Facebook, is mostly unchanged since 2018. Retrieved from 
https://www.pewresearch.org/fact-tank/2019/04/10/share-of-u-s-adults-using-social-
media-including-facebook-is-mostly-unchanged-since-2018/ 
Wellcome Trust. (2019). Reframing resistance: How to communicate about antimicrobial 
resistance effectively. London, UK. Retrieved from 
https://wellcome.ac.uk/reports/reframing-antimicrobial-resistance-antibiotic-
resistance 
















Figure 4.3: Post from iAMR on September 9
th
 2019  
This post is the first use of this original graphic on one of the iAMR social media feeds, 




Figure 4.4: Post from iAMR on September 10th 2019.  
This post is an example of a twitter content that uses existing material from around the 
web, in this case it highlights the work of frequent iAMR collaborator Lisa Durso and is a 




Figure 4.5: iAMR post on September 11
th
 2019. 
This post is an example of a previously published graphic, used again to further illustrate 
the week’s AR theme: AR and manure. This graphic had previously been published on 





Figure 4.6: iAMR Twitter post on September 12
th
, 2019 
This post is an example of a twitter content that uses existing material from around the 




Figure 4.7: iAMR Twitter post on Sept 13
th
, 2019 
This post is an example of a previously published graphic, used again to further illustrate 
the week’s AR theme: AR and manure. In this case the graphic highlights a team member 
with expertise in the area of the week’s theme. Repurposed iAMR graphic, originally 



























Total Tweets Subject Area 
@i_AMResonsible 45 2623 1.1 423 All 
@battlesuperbugs 60 5079 4.47 15023 
Antibiotic 
Resistance 
@reactgroup 51 2787 8.15 2547 
Antibiotic 
Resistance 
@OIEAnimalHealth 60 14116 5.12 2623 Animal Health 
@Health4Animals 61 14697 7.4 2164 Animal Health 
@foodsafetygov 64 92331 10.1 4244 Food Safety 
@FightBAC 52 6724 10.78 7034 Food Safety 
@LPELC 49 2333 11.36 5846 
Animal 
Agriculture 
@NIAA_Comm 57 1386 8.67 7101 
Animal 
Agriculture 
@rpharms 65 24917 9.07 13072 Pharmaceutical 
@Pharmacy_Times 65 63041 9.75 28123 Pharmaceutical 
@TOIHealthNews 51 5480 10.57 22991 Health News 
@PewHealth 57 8670 8.28 15773 Health News 
@JohnsHopkinsIH 59 12497 9.53 4664 Public Health 






Figure 4.10: Word cloud including all terms included in tweet text from iAMR during 





Figure 4.11: Accounts in common among followers and established networks in target 
sectors. 





































































































Figure 4.14: Engagement rate for tweets containing keywords or symbols.  
Error bars indicate 95% confidence interval for mean engagement rate of tweets 
including one of the key words on the horizontal axis; letters illustrate significant 












































Keyword or Symbol Contained in Tweet Text 
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5 Summary and recommendations 
Key Findings 
1. Increasing forage concentration in beef finishing diets will not significantly 
decrease the concentration of AR bacteria in feedlot manure. 
2. Fall application of manure-based fertilizers are not likely to increase the risk 
of transferring AR bacteria or genes to crops (fruits, vegetables or grains) 
planted in the spring.  
3. iAMResponsible’s social media work has increased the national and 
international profile of the team and the project among experts and audiences 
engaged on AR. But alternative management or avenues for outreach will 
have to be identified to reach non-expert audiences. 
Summary 
The goals of this project were to determine and manage the risk of transferring 
AR bacteria and genes from beef production environments to humans or the environment 
through manure; and to develop effective communication to convey research-based 
information to empower community changes to mitigate AR risks.  
The primary objectives of this project were to: 
1. Measure the impact of dietary manipulation by forage concentration and 
essential oil additive in beef cattle production on concentration 
of AR bacteria present in feedlot manure.  
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2. Monitor the prevalence and concentration of AR bacteria and genes over-
time in soil following fertilization by manure-based and inorganic 
fertilizers.  
3. Assess the effectiveness of nationwide extension outreach efforts to raise 
awareness, and empower behavioral change to preserve antibiotic efficacy. 
The effect of adding essential oils and increased forage concentration in beef 
finishing diets on AR in feedlot manure was examined in chapter two of this document. 
This study measured the dietary impact on AR by examining the concentration of viable 
AR cells of two types of fecal coliform (E. coli and Enterococcus spp.). Overall, the 
results of this research indicate that increasing the forage concentration in beef finishing 
diets are not effective for reducing AR in feedlot manure. This study also did not show 
any significant reduction of AR bacteria in manure from animals fed a proprietary blend 
of essential oils.  
Chapter three examines changes in soil bacterial communities responding to fall 
fertilization. This study looked at both the persistence of AR fecal bacteria in soil and 
changes in AR genes to determine the likelihood of gene transfer to soil populations, and 
the risk of possible transfer to food or surface water during the growing season following 
application. The results did not show any lasting impact on AR bacteria or genes due to 
the type of fertilizer used. Following application, resistance in the soil increased and 
peaked between four and seven weeks following application and mostly had returned to 
background levels by spring planting.  
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Chapter four assessed the outreach efforts of a new nationwide extension effort on 
AR called iAMResponsible on the social media platform Twitter. This assessment used 
available twitter analytics data on user engagement and follower information to 
determine the efficacy of the project’s current social media approach for increasing the 
project’s capacity and reach, expanding the outreach network, disseminating research-
based information, engaging disparate audiences on AR and impacting behavioral 
change. According to the metrics used, the iAMResponsible outreach efforts using 
Twitter have been effective for expanding the network of experts contributing to the 
project and disseminating information, further assessment will be required to determine 
the behavioral impact of this effort.  
AR is and will continue to be an essential topic for research in the years to come. 
It will take a concerted effort to make the changes necessary to meet the growing crisis, 
protect human health, and meet the food demands of a growing world population. The 
work in this study did not reveal any promising opportunities for AR mitigation in 
manure management, thus future research will be need to meet that challenge going 
forward. Additional research should also be conducted to further examine the human and 
animal health risks associated with AR, including the native AR in environmental 
populations in soil and water. In addition to research outreach and education should be 
conducted to encourage the adoption of AR mitigation practices, infection prevention and 
control in human and livestock environments.   
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Recommendations for Future Research, Outreach and Education 
Manure Management to Mitigate AR 
1. Consider alternative types of essential oils which may have known 
antimicrobial properties.  
2. Investigate optimal delivery and dosage of essential oils with known direct 
antimicrobial properties. 
3. Examine background levels of AR bacteria in animal housing environments.  
Identification of Sources and Risk of AR in the Environment 
1. Determine background levels of AR bacteria and genes in wider array of 
environmental and agricultural settings setting in order to establish 
benchmarks for mitigation of AR.  
2. Metagenomic analysis of compost community to determine if composting 
selects for species more likely to survive in environmental communities. 
3. Further analysis of soil microbiome to correctly assign origin of ARG in 
environmental settings to animals, plants, or native soil species; and to 
identify pools of ARG in genomes of bacteria, plants, insects or other wildlife 
in environmental settings.  
Outreach and Education 
1. Systematic evaluation of current outreach and educational programming is 
needed to make a full assessment of impact on audience knowledge, attitudes 
and behavior.  
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2. Outreach efforts should develop and deliver more targeted educational 
programming opportunities to reach at risk populations, and communities & 




Appendix A: Supporting Information for Chapter 2 
Table A.1: Frequency of observed concentrations of E. Coli and Enterococci in feedlot 
samples of freshly excreted beef manure 
Organism Day 
Frequency of fecal samples with indicated concentration2 











  50 nd3 nd nd nd nd nd nd 
  85     0 0  0  0  12  62 10 
113     1 0  0  1   5  55 22 
155     0 0  0  0   0  78  6 




















 50  nd nd nd nd nd nd nd 
 85     1 0  0  2  15  58  8 
113     1 0  0  2  18  58  5 
155     0 0  0  0   8  71  5 


















 50   nd nd nd nd nd nd nd 
 85     3 0  4 32  32  13  0 
113   21 0  1 23  16  21  2 
155     0 0  0  6  34  43  1 














 50     2 0  6 15  43  16  2 
 85     0 0  0  5  17  61  1 
113     1 0  0 14  25  44  0 
155     9 0  1 13  28  31  2 





















 50     7 0  9 19  36  13  0 
 85     1 0  2  5  27  49  0 
113     6 0  0 15  23  40  0 
155   10 0  1 16  31  24  2 





















 50   35 0 12 26  10   1  0 
 85     9 5 13 24  24   9  0 
113   54 0  1 17  11   1  0 
155   54 0  1 13  11   5  0 
Total 152 5 27 80  56  16  0 
1 Measured in log CFU gdw
-1 
2 Measured in log CFU gdw
-1 
3 “nd”= no data  
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Table A.2: Frequency of observed concentrations of E. coli and Enterococci in feedlot 
samples of pen surface material 
Organism Day 
Frequency of fecal samples with indicated concentration2  











 50 nd3 nd nd nd nd nd nd 
 85  1 0  1    5  40  37  0 
113  5 0  3  12  42  20  2 
155  1 0  0    3   9  53 18 




















 50 nd nd nd nd nd nd nd 
 85  1 0  1   5  52  25   0 
113  6 0  3  12  48  13   2 
155  4 0  0   3  20  41 16 


















 50 nd nd nd nd nd nd nd 
 85 13 0  7  37  24   3  0 
113 42 0  6  22   9   5  0 
155  4 0  0  10  32  37  1 














 50  1 0  2  34  41   6  0 
 85  0 0  1  30  47   6  0 
113 11 0  9  37  22   5  0 
155  1 0  0   3  33  45  2 





















 50  6 0  7  38  31   2  0 
 85  1 0 10  33  37   3  0 
113 28 0 11  31   9   5  0 
155  3 0  0  20  30  29  2 





















 50 18 0 22  36   8   0  0 
 85  1 3 21  50   9   0  0 
113 34 0  9  34   5   2  0 
155 17 0  3  39  21   4  0 
Total 70 3 55 159  43   6  0 
1 Concentration measured in log CFU gdw
-1 
2 Measured in log CFU gdw
-1 




Table A.3: Microbial concentration in freshly excreted manure from beef cattle receiving 
80% dietary forage without EO 
Date and 
Block 






















1 4.88E+05 2.75E+05 -
2
 - - - 
2 7.23E+05 5.74E+05 6.28E+04 - - - 
3 1.20E+06 8.17E+05 1.16E+05 - - - 
4 7.04E+05 6.89E+05 2.22E+04 - - - 
5 2.82E+05 2.01E+05 - - - - 
6 4.86E+06 4.75E+05 1.76E+04 - - - 












1 2.96E+05 2.68E+05 1.83E+02 1.57E+06 1.55E+06 7.34E+03 
2 2.30E+06 2.18E+06 6.48E+04 2.96E+06 2.85E+06 2.74E+05 
3 3.03E+06 2.98E+06 5.43E+04 1.41E+07 1.41E+07 2.27E+04 
4 2.57E+06 1.32E+06 1.19E+06 2.04E+07 2.03E+07 1.50E+04 
5 1.28E+06 8.79E+05 4.69E+05 1.39E+06 6.51E+05 1.67E+05 
6 2.09E+06 8.34E+05 7.24E+04 3.57E+06 3.37E+06 3.03E+05 










1 8.63E+04 5.59E+04 - 2.48E+06 1.73E+06 - 
2 3.76E+04 2.50E+04 - 1.41E+06 1.20E+06 7.69E+03 
3 4.59E+06 4.05E+06 - 1.87E+07 5.87E+06 2.26E+06 
4 2.84E+06 2.69E+06 1.53E+05 1.06E+07 4.57E+06 4.15E+04 
5 1.42E+06 3.85E+05 1.51E+04 3.08E+06 1.59E+06 9.34E+05 
6 2.52E+06 1.00E+06 - 3.11E+07 1.89E+07 3.24E+06 












1 6.57E+05 1.62E+05 6.20E+04 2.12E+06 1.56E+06 1.14E+06 
2 1.08E+07 1.08E+07 2.11E+06 3.41E+06 2.96E+06 1.54E+06 
3 6.32E+04 3.28E+04 - 3.02E+06 2.57E+06 2.36E+06 
4 7.66E+05 7.08E+05 - 1.28E+06 9.44E+05 6.02E+05 
5 1.37E+06 1.14E+06 - 1.79E+06 1.62E+06 3.38E+05 
6 1.02E+06 9.66E+05 - 1.36E+06 1.21E+06 2.93E+05 
7 1.75E+06 9.16E+05 3.14E+04 4.16E+06 2.88E+06 2.18E+06 
1 Measured in log CFU gdw
-1 





Table A.4: Microbial concentration in freshly excreted manure from beef cattle receiving 
80% dietary forage with EO 
Date and 
Block 






















1 8.39E+05 8.27E+05 4.15E+03 - - - 
2 7.46E+05 5.95E+05 2.11E+03 - - - 
3 7.59E+05 6.31E+05 1.82E+04 - - - 
4 4.49E+04 2.69E+04 1.58E+04 - - - 
5 2.79E+04 9.02E+03 1.37E+04 - - - 
6 7.37E+05 6.46E+05 8.87E+04 - - - 












1 5.56E+06 3.43E+06 2.13E+06 5.17E+06 3.41E+06 2.02E+04 
2 3.66E+06 2.94E+06 7.28E+05 4.70E+06 3.83E+06 8.85E+05 
3 4.27E+05 4.07E+05 1.31E+04 2.33E+06 1.86E+06 1.37E+06 
4 4.55E+06 3.56E+06 6.45E+05 2.34E+06 1.26E+06 4.53E+05 
5 2.35E+06 1.58E+06 4.76E+05 7.04E+05 6.12E+05 3.90E+04 
6 1.59E+06 9.32E+05 4.50E+04 4.09E+06 2.86E+06 3.96E+04 










1 8.84E+05 3.41E+05 - 7.00E+05 1.43E+05 - 
2 3.88E+05 3.41E+05 - 5.60E+06 2.57E+06 4.03E+04 
3 1.90E+06 1.62E+06 - 2.43E+06 1.77E+06 - 
4 8.82E+04 5.13E+04 2.78E+04 3.97E+06 1.77E+06 5.66E+05 
5 1.51E+06 1.46E+06 3.09E+04 1.60E+06 9.48E+05 8.42E+03 
6 3.62E+06 2.97E+06 6.45E+05 9.86E+06 1.46E+06 4.24E+05 












1 3.33E+05 3.33E+05 - 2.30E+06 1.51E+06 5.98E+04 
2 4.74E+06 4.61E+06 1.37E+05 5.75E+06 5.05E+06 3.56E+06 
3 5.05E+05 4.71E+05 3.34E+04 2.90E+06 2.15E+06 8.32E+05 
4 9.12E+05 3.44E+05 - 1.79E+06 1.41E+06 7.28E+05 
5 1.49E+06 2.25E+05 9.93E+03 2.61E+06 2.51E+06 1.02E+05 
6 2.35E+06 1.59E+06 7.59E+05 2.00E+06 1.29E+06 7.09E+05 
7 1.83E+05 1.83E+05 - 2.76E+06 2.00E+06 1.16E+06 
1 Measured in log CFU gdw
-1 
 “-“ indicates observed colony count was below detection limit 
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Table A.5: Microbial concentration in freshly excreted manure from beef cattle receiving 



























1 9.30E+05 7.49E+05 4.98E+05 - - - 
2 2.51E+04 1.54E+04 1.03E+04 - - - 
3 3.96E+06 4.15E+04 1.45E+04 - - - 
4 6.89E+05 5.28E+05 2.01E+05 - - - 
5 3.70E+05 2.51E+05 4.17E+04 - - - 
6 6.68E+05 5.34E+05 1.34E+05 - - - 












1 3.29E+05 3.10E+05 1.32E+04 3.12E+06 2.23E+06 8.89E+05 
2 1.01E+06 9.10E+05 4.48E+04 3.23E+06 3.04E+06 1.19E+05 
3 1.64E+06 1.64E+06 3.45E+02 3.52E+06 3.11E+06 1.54E+05 
4 3.03E+06 2.80E+06 2.36E+05 4.49E+05 4.21E+05 3.41E+04 
5 9.93E+06 4.10E+06 2.64E+06 5.89E+05 4.63E+05 4.38E+04 
6 6.80E+06 5.11E+06 1.12E+05 4.47E+06 2.66E+06 1.80E+06 










1 7.79E+05 7.79E+05 - 1.31E+07 1.06E+06 1.02E+05 
2 9.31E+05 8.50E+05 2.05E+00 5.28E+06 1.85E+06 6.78E+04 
3 2.74E+06 2.35E+06 3.80E+04 1.14E+07 3.15E+06 2.92E+06 
4 3.06E+06 2.27E+06 2.65E+05 2.56E+06 1.52E+06 1.80E+05 
5 2.91E+06 2.53E+06 6.55E+04 2.39E+07 4.00E+06 1.23E+06 
6 1.71E+06 1.62E+06 - 1.74E+07 1.55E+07 2.11E+04 












1 2.22E+06 1.77E+06 3.28E+05 5.53E+06 3.74E+06 1.79E+06 
2 5.35E+06 3.53E+06 1.82E+06 2.28E+07 1.85E+07 4.32E+06 
3 1.60E+04 1.60E+04 - 1.64E+06 1.24E+06 5.77E+05 
4 1.28E+06 5.91E+05 - 5.48E+06 4.05E+06 2.34E+06 
5 2.39E+05 1.57E+05 6.03E+03 2.03E+06 1.47E+06 7.84E+05 
6 2.17E+05 4.56E+04 1.22E+05 1.74E+06 1.39E+06 1.34E+06 
7 1.36E+06 1.05E+06 2.57E+04 1.41E+06 1.20E+06 4.17E+05 
1 Measured in log CFU gdw
-1 




Table A.6: Microbial concentration in freshly excreted manure from beef cattle receiving 



























1 1.80E+05 9.47E+04 7.81E+04 - - - 
2 5.14E+06 4.59E+04 7.58E+04 - - - 
3 1.29E+05 1.31E+04 1.00E+04 - - - 
4 1.04E+06 7.92E+05 2.56E+05 - - - 
5 4.16E+03 3.41E+03 - - - - 
6 1.59E+04 - 1.04E+03 - - - 












1 2.33E+06 1.12E+06 4.66E+05 1.32E+06 1.17E+06 2.37E+05 
2 2.56E+06 1.59E+06 2.13E+05 3.50E+06 2.74E+06 6.53E+04 
3 1.18E+06 9.57E+05 2.04E+05 2.13E+06 2.05E+06 3.65E+03 
4 3.33E+06 2.45E+06 1.61E+03 2.17E+06 1.81E+06 4.45E+05 
5 2.21E+06 1.87E+06 2.82E+05 1.58E+06 8.55E+05 1.32E+05 
6 4.92E+05 1.19E+05 5.94E+04 1.14E+06 6.93E+05 6.91E+04 










1 7.93E+05 5.20E+05 7.43E+03 3.37E+06 1.56E+06 4.76E+05 
2 1.75E+06 1.72E+06 2.96E+04 2.41E+06 1.39E+06 2.52E+05 
3 3.23E+05 1.60E+05 - 2.13E+06 1.46E+06 6.73E+04 
4 2.05E+06 1.50E+06 - 2.31E+06 1.45E+06 7.72E+04 
5 4.72E+05 2.49E+05 4.86E+04 1.17E+07 2.35E+06 9.46E+05 
6 2.09E+06 1.94E+06 - 2.68E+07 1.88E+06 1.35E+05 












1 6.40E+05 5.54E+05 1.61E+04 5.60E+06 2.96E+06 4.08E+06 
2 3.85E+06 3.85E+06 - 3.99E+06 3.62E+06 1.13E+06 
3 - - - 1.45E+06 1.23E+06 2.63E+05 
4 - - - 3.76E+06 3.31E+06 1.17E+06 
5 1.49E+06 1.31E+06 1.11E+04 1.61E+07 1.55E+07 3.01E+06 
6 9.69E+05 9.69E+05 - 7.91E+06 7.50E+06 4.16E+05 
7 1.27E+04 1.27E+04 - 3.98E+06 3.48E+06 1.89E+06 
1 Measured in log CFU gdw
-1 




Table A.7: Microbial concentration in freshly excreted manure from beef cattle receiving 
14% dietary forage without EO 
Date and 
Block 






















1 3.01E+05 1.21E+05 1.48E+04 - - - 
2 7.04E+05 4.91E+05 1.28E+04 - - - 
3 4.94E+05 3.53E+05 7.32E+03 - - - 
4 7.05E+05 5.11E+05 1.68E+04 - - - 
5 6.15E+05 4.39E+05 5.09E+03 - - - 
6 5.38E+05 2.21E+05 2.28E+05 - - - 












1 6.11E+05 5.22E+05 1.62E+04 2.32E+06 1.81E+06 3.35E+04 
2 2.66E+06 1.79E+06 8.74E+05 4.79E+06 4.09E+06 7.00E+05 
3 2.28E+06 1.07E+06 1.16E+06 3.35E+06 2.67E+06 6.14E+05 
4 2.63E+06 2.21E+06 4.28E+05 2.61E+06 2.54E+06 9.72E+04 
5 6.52E+05 3.99E+05 2.08E+04 5.33E+06 3.35E+06 1.98E+06 
6 7.13E+05 6.54E+05 4.60E+04 3.70E+05 2.53E+05 1.06E+04 










1 1.53E+06 1.53E+06 - 3.85E+07 9.28E+06 4.79E+06 
2 1.16E+06 1.16E+06 - 3.50E+06 2.55E+06 6.81E+05 
3 8.93E+04 1.81E+04 - 3.45E+07 2.59E+06 2.31E+07 
4 4.27E+04 4.02E+04 - 2.48E+06 1.76E+06 2.67E+05 
5 3.73E+06 2.02E+06 4.17E+04 1.06E+07 9.88E+06 1.05E+07 
6 1.96E+06 1.16E+06 3.93E+04 2.36E+06 1.34E+06 8.11E+05 












1 3.46E+04 2.54E+04 - 3.83E+06 3.25E+06 5.65E+05 
2 8.43E+05 6.21E+05 1.31E+05 5.62E+06 3.46E+06 2.54E+06 
3 2.61E+05 2.39E+05 1.06E+05 5.28E+06 3.69E+06 1.59E+06 
4 1.03E+06 4.81E+05 2.13E+04 3.25E+06 1.75E+06 8.35E+05 
5 6.01E+05 5.67E+05 3.45E+04 1.42E+07 1.41E+07 1.37E+07 
6 2.09E+06 1.52E+06 - 2.26E+06 1.75E+06 1.04E+06 
7 4.32E+05 1.46E+05 2.37E+04 1.95E+06 1.47E+06 2.97E+04 
1 Measured in log CFU gdw
-1 
 “-“ indicates observed colony count was below detection limit 
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Table A.8: Microbial concentration in freshly excreted manure from beef cattle receiving 
14% dietary forage with EO  
Date and 
Block 






















1 6.79E+05 6.07E+05 - - - - 
2 7.34E+05 7.07E+05 4.79E+03 - - - 
3 3.36E+05 2.43E+05 - - - - 
4 7.22E+06 1.06E+06 3.12E+03 - - - 
5 1.11E+06 7.79E+05 2.29E+05 - - - 
6 6.13E+03 3.90E+03 5.61E+03 - - - 












1 2.45E+06 2.45E+06 2.18E+03 3.48E+06 3.14E+06 1.26E+05 
2 1.24E+06 1.15E+06 3.79E+04 3.05E+06 2.91E+06 9.12E+04 
3 1.34E+06 1.21E+06 1.70E+03 6.90E+06 6.24E+06 6.61E+05 
4 2.96E+06 2.85E+06 5.13E+05 2.55E+06 2.55E+06 3.74E+05 
5 8.64E+05 8.08E+05 4.95E+05 1.66E+07 1.66E+07 2.33E+04 
6 4.00E+06 3.57E+06 7.43E+03 5.13E+06 3.97E+06 1.56E+04 










1 4.72E+06 4.69E+06 3.05E+04 7.51E+06 2.70E+06 2.93E+06 
2 5.13E+04 4.75E+04 - 1.79E+06 5.95E+05 1.49E+05 
3 1.02E+06 7.90E+05 - 2.02E+06 1.64E+06 - 
4 3.45E+05 3.19E+05 2.40E+04 1.67E+06 1.10E+06 2.86E+05 
5 4.48E+05 3.93E+05 - 1.58E+06 4.48E+05 5.51E+04 
6 3.11E+06 2.61E+06 - 3.68E+06 2.66E+06 - 












1 2.74E+06 2.73E+06 9.43E+03 4.94E+06 4.52E+06 1.32E+06 
2 2.56E+06 1.87E+06 2.77E+04 1.77E+07 1.46E+07 3.84E+06 
3 6.16E+06 6.05E+06 1.13E+05 3.74E+06 3.03E+06 1.49E+06 
4 2.09E+05 2.09E+05 - 1.91E+06 9.85E+05 9.28E+05 
5 1.10E+06 1.07E+06 8.06E+04 1.57E+06 1.41E+06 9.76E+05 
6 1.76E+06 1.09E+06 6.56E+05 3.72E+06 2.70E+06 8.67E+05 
7 3.19E+05 3.14E+05 - 2.48E+06 2.19E+06 4.24E+05 
1 Measured in log CFU gdw
-1 





Table A.9: Microbial concentration in pen surface material from beef cattle receiving 



























1.1 1.94E+05 8.36E+04 4.74E+04 - - - 
1.2 9.32E+04 1.95E+04 1.64E+04 - - - 
2.1 3.13E+04 2.80E+04 3.36E+03 - - - 
2.2 6.44E+05 3.01E+05 - - - - 
3.1 2.75E+04 1.50E+04 5.83E+03 - - - 
3.2 5.76E+03 - - - - - 
4.1 1.57E+04 1.25E+04 3.19E+03 - - - 
4.2 6.84E+04 4.21E+04 - - - - 
5.1 3.03E+05 3.03E+05 - - - - 
5.2 5.94E+04 2.44E+04 1.48E+04 - - - 
6.1 8.74E+04 3.84E+04 2.95E+04 - - - 
6.2 5.37E+03 - - - - - 
7.1 7.22E+04 2.22E+04 9.53E+03 - - - 












1.1 4.48E+05 1.56E+05 4.27E+04 2.70E+06 2.10E+06 5.62E+04 
1.2 2.52E+05 2.17E+05 3.50E+04 2.01E+06 6.23E+05 1.75E+04 
2.1 1.20E+06 1.18E+06 1.93E+04 1.93E+06 1.62E+06 5.46E+04 
2.2 1.92E+04 1.17E+04 4.80E+03 3.91E+05 3.51E+05 - 
3.1 3.25E+05 2.93E+05 3.14E+04 1.81E+06 1.75E+06 5.92E+04 
3.2 1.37E+05 1.24E+05 7.05E+03 7.70E+05 6.75E+05 6.73E+04 
4.1 6.97E+05 6.51E+05 4.68E+04 2.38E+06 1.93E+06 4.54E+05 
4.2 3.69E+04 2.14E+04 4.70E+03 4.29E+05 2.68E+05 1.62E+04 
5.1 8.18E+05 7.67E+05 5.13E+04 7.04E+05 6.53E+05 5.13E+04 
5.2 2.49E+04 1.39E+03 4.16E+03 4.62E+03 4.62E+03 - 
6.1 2.85E+05 2.60E+05 2.50E+04 1.79E+06 1.75E+06 3.34E+04 
6.2 3.09E+04 2.32E+04 1.09E+04 1.64E+05 1.64E+05 - 
7.1 1.61E+05 8.09E+04 1.82E+04 2.15E+06 2.03E+06 2.40E+05 










1.1 1.24E+05 4.36E+04 2.76E+04 1.93E+06 2.93E+05 - 
1.2 1.15E+04 - - 3.61E+04 2.20E+04 - 
2.1 2.54E+04 - 2.54E+04 5.22E+05 4.71E+05 - 
2.2 2.12E+04 1.19E+04 1.99E+04 5.43E+05 5.43E+05 - 
3.1 9.41E+04 3.40E+04 6.00E+04 8.08E+05 7.77E+05 - 
3.2 1.09E+04 9.41E+03 9.41E+03 3.96E+05 3.88E+05 - 
4.1 2.58E+04 - - 2.48E+05 1.98E+05 - 
4.2 1.72E+04 - - 1.76E+05 1.76E+05 - 
5.1 2.32E+04 1.51E+04 - 4.28E+05 3.93E+05 3.56E+04 
5.2 1.10E+05 9.32E+04 1.67E+04 7.76E+05 3.79E+05 2.66E+04 
6.1 3.06E+05 2.52E+05 1.73E+05 6.56E+05 6.50E+05 6.00E+03 
6.2 - - - 1.10E+06 6.14E+05 1.91E+05 
7.1 1.66E+04 1.20E+04 8.76E+03 1.12E+06 5.04E+05 2.95E+04 












1.1 1.98E+06 1.63E+06 2.41E+04 1.86E+06 1.78E+06 7.47E+04 
1.2 7.05E+05 2.13E+05 1.19E+05 1.16E+04 - - 
2.1 2.61E+06 2.49E+06 1.17E+05 2.33E+07 2.15E+07 1.85E+06 
2.2 8.12E+05 2.03E+05 - 3.23E+07 2.94E+07 2.94E+06 
3.1 4.15E+06 4.09E+06 5.48E+04 2.97E+06 2.86E+06 1.37E+05 
3.2 7.21E+05 7.65E+04 - 1.50E+06 7.82E+05 4.15E+04 
4.1 3.69E+07 3.69E+07 7.22E+04 4.28E+07 3.69E+07 5.91E+06 
4.2 4.80E+06 8.08E+04 2.33E+04 5.34E+06 3.81E+06 3.28E+06 
5.1 3.54E+05 8.94E+04 3.40E+04 1.10E+07 1.10E+07 8.00E+05 
5.2 1.31E+05 1.40E+04 - 1.40E+05 1.08E+05 3.25E+04 
6.1 1.38E+06 1.37E+06 1.14E+04 1.25E+07 1.25E+07 7.48E+05 
6.2 1.98E+06 1.64E+06 3.40E+05 9.22E+06 9.22E+06 4.61E+05 
7.1 1.03E+06 3.31E+04 1.91E+04 4.44E+05 4.16E+05 2.71E+04 
7.2 2.12E+05 6.23E+04 2.22E+04 1.78E+06 1.28E+06 4.99E+05 
1 Measured in log CFU gdw
-1 




Table A.10: Microbial concentration in pen surface material from beef cattle receiving 



























1.1 3.26E+05 1.24E+05 5.33E+04 - - - 
1.2 1.94E+05 4.60E+04 4.17E+04 - - - 
2.1 1.08E+05 1.08E+05 1.98E+04 - - - 
2.2 8.28E+04 3.20E+04 9.78E+03 - - - 
3.1 3.20E+04 1.04E+04 4.71E+03 - - - 
3.2 7.54E+05 - - - - - 
4.1 4.61E+04 1.70E+04 2.91E+04 - - - 
4.2 7.02E+06 3.62E+04 - - - - 
5.1 2.87E+05 2.74E+05 2.14E+04 - - - 
5.2 4.92E+05 1.71E+05 7.25E+03 - - - 
6.1 5.93E+05 3.73E+05 2.20E+05 - - - 
6.2 - - - - - - 
7.1 4.26E+04 2.53E+04 1.74E+04 - - - 












1.1 1.49E+04 1.15E+03 - 2.22E+06 1.84E+06 1.12E+05 
1.2 2.79E+05 1.54E+05 8.12E+04 3.40E+05 2.69E+05 9.03E+03 
2.1 4.23E+05 3.85E+05 3.86E+04 2.34E+06 1.01E+06 2.96E+05 
2.2 3.56E+04 2.80E+04 7.63E+03 1.07E+05 1.07E+05 - 
3.1 1.77E+06 1.75E+06 1.11E+04 1.95E+06 7.78E+05 2.62E+05 
3.2 2.07E+04 3.45E+03 2.76E+03 5.38E+04 5.38E+04 - 
4.1 7.40E+05 7.02E+05 3.86E+04 2.30E+06 1.49E+06 1.25E+06 
4.2 3.97E+04 2.55E+04 3.21E+04 - - - 
5.1 2.94E+05 2.87E+05 4.54E+04 1.82E+06 1.25E+06 1.03E+05 
5.2 1.50E+05 1.03E+04 4.70E+04 5.40E+05 4.10E+05 1.12E+04 
6.1 5.56E+05 5.44E+05 2.27E+05 2.19E+06 2.12E+06 6.87E+04 
6.2 1.36E+05 5.78E+04 1.89E+04 1.21E+06 1.02E+06 1.65E+05 
7.1 3.71E+05 1.15E+05 3.27E+04 2.72E+05 2.59E+05 1.33E+04 










1.1 2.85E+04 9.49E+03 1.90E+04 7.22E+05 7.22E+05 1.20E+04 
1.2 - - - 8.43E+05 8.43E+05 - 
2.1 7.61E+04 3.58E+04 1.94E+04 1.50E+05 1.50E+05 - 
2.2 1.99E+05 5.25E+04 4.96E+04 2.56E+06 2.56E+06 - 
3.1 4.68E+04 2.23E+04 - 7.87E+04 7.87E+04 - 
3.2 2.02E+05 1.66E+05 3.68E+04 1.12E+06 1.09E+06 2.72E+04 
4.1 1.41E+05 - - 4.70E+05 4.44E+05 2.61E+04 
4.2 9.72E+03 5.18E+03 - 1.71E+05 1.71E+05 - 
5.1 - - - 2.33E+05 6.31E+04 - 
5.2 - - - 1.54E+04 1.15E+04 - 
6.1 4.55E+04 2.84E+04 1.32E+04 3.94E+05 1.65E+05 1.56E+04 
6.2 3.28E+06 2.61E+06 3.20E+06 4.84E+06 2.69E+06 2.14E+06 
7.1 - - - 6.83E+05 1.46E+05 7.26E+03 












1.1 1.94E+06 1.07E+06 4.85E+04 2.09E+07 1.98E+07 1.04E+06 
1.2 1.50E+06 1.50E+06 - 2.48E+06 1.43E+06 1.05E+06 
2.1 2.56E+06 1.06E+06 5.51E+04 4.33E+06 3.33E+06 1.00E+06 
2.2 1.78E+05 5.14E+04 - 9.53E+05 8.68E+05 8.51E+04 
3.1 2.50E+06 5.33E+05 1.86E+04 2.42E+06 1.43E+06 4.11E+05 
3.2 3.23E+05 - 8.45E+04 1.39E+06 1.39E+06 4.71E+04 
4.1 1.01E+06 9.08E+05 9.59E+04 1.00E+07 7.89E+06 2.16E+06 
4.2 2.05E+05 1.98E+05 7.26E+04 2.31E+06 5.97E+05 7.56E+04 
5.1 7.37E+05 7.22E+05 2.81E+04 7.84E+06 7.84E+06 8.63E+05 
5.2 6.11E+05 5.79E+05 3.20E+04 9.90E+05 7.28E+05 5.23E+05 
6.1 7.89E+05 7.89E+05 - 9.80E+05 8.16E+05 5.85E+05 
6.2 6.07E+05 1.68E+05 2.37E+04 1.08E+06 8.39E+05 2.38E+05 
7.1 1.29E+05 8.69E+04 4.43E+04 3.72E+06 2.25E+06 1.47E+06 
7.2 1.23E+05 8.86E+04 3.85E+04 1.28E+07 1.13E+07 1.60E+06 
1 Measured in log CFU gdw
-1 




Table A.11: Microbial concentration in pen surface material from beef cattle receiving 



























1.1 6.31E+05 3.87E+05 1.52E+04 - - - 
1.2 3.78E+05 1.04E+05 1.20E+04 - - - 
2.1 1.17E+06 1.10E+06 - - - - 
2.2 1.69E+05 1.57E+05 1.13E+04 - - - 
3.1 1.01E+04 - 1.01E+04 - - - 
3.2 3.41E+06 1.28E+04 - - - - 
4.1 4.08E+04 3.22E+04 8.64E+03 - - - 
4.2 4.55E+06 4.14E+04 3.83E+03 - - - 
5.1 7.51E+05 7.26E+05 2.56E+04 - - - 
5.2 3.70E+04 1.47E+04 1.52E+04 - - - 
6.1 1.08E+05 1.08E+05 - - - - 
6.2 1.28E+04 1.12E+04 5.03E+03 - - - 
7.1 2.14E+05 1.81E+04 1.96E+05 - - - 












1.1 2.48E+05 2.28E+05 2.06E+04 1.26E+06 4.63E+05 3.20E+04 
1.2 7.12E+04 2.55E+04 4.12E+03 2.72E+04 2.72E+04 - 
2.1 8.32E+05 7.08E+05 1.24E+05 1.59E+06 8.44E+05 4.32E+05 
2.2 5.36E+04 4.42E+04 2.31E+04 3.37E+05 2.50E+05 - 
3.1 1.53E+05 1.50E+05 3.85E+03 6.18E+05 3.13E+05 1.78E+04 
3.2 2.01E+04 5.74E+03 9.32E+03 6.68E+05 3.04E+05 1.29E+04 
4.1 4.88E+04 1.95E+04 4.34E+03 3.80E+04 3.80E+04 - 
4.2 5.05E+04 - 2.44E+04 1.22E+06 9.08E+05 3.99E+05 
5.1 1.65E+06 1.56E+06 8.39E+04 8.33E+05 7.94E+05 3.90E+04 
5.2 9.56E+04 9.34E+04 2.19E+03 4.35E+05 3.00E+05 5.58E+03 
6.1 7.12E+04 4.78E+04 2.34E+04 3.00E+05 3.00E+05 1.43E+04 
6.2 1.50E+05 2.40E+04 1.36E+04 6.32E+05 6.05E+05 2.71E+04 
7.1 9.01E+04 7.81E+04 7.21E+04 3.19E+06 3.86E+05 1.52E+05 










1.1 - - - 1.50E+04 1.49E+04 - 
1.2 2.20E+05 2.85E+04 2.85E+04 - - - 
2.1 4.04E+04 8.67E+03 3.18E+04 8.19E+03 8.19E+03 - 
2.2 1.57E+04 5.17E+03 1.05E+04 7.84E+05 4.96E+05 3.23E+05 
3.1 9.96E+04 3.42E+04 6.54E+04 1.58E+06 1.51E+06 6.69E+04 
3.2 1.59E+05 4.84E+04 1.11E+05 2.85E+07 2.78E+07 7.29E+05 
4.1 1.64E+04 1.13E+04 - 1.00E+07 1.00E+07 1.20E+06 
4.2 7.81E+04 - 1.67E+04 3.23E+06 2.18E+06 1.05E+06 
5.1 1.20E+05 4.89E+04 1.80E+04 1.61E+05 1.45E+05 1.40E+04 
5.2 3.66E+04 1.05E+04 - 4.73E+05 4.73E+05 - 
6.1 3.91E+05 3.40E+05 1.78E+05 3.91E+05 2.97E+05 - 
6.2 1.30E+04 8.34E+03 1.20E+04 2.32E+04 2.32E+04 - 
7.1 1.03E+05 9.91E+04 7.29E+04 2.11E+04 2.11E+04 - 












1.1 3.46E+05 2.88E+05 - 2.08E+06 3.11E+05 1.77E+06 
1.2 3.24E+05 1.72E+05 1.50E+05 2.55E+06 2.23E+06 1.32E+06 
2.1 2.20E+06 1.75E+06 4.48E+05 1.96E+06 1.96E+06 4.16E+05 
2.2 - - - 1.19E+04 - - 
3.1 3.83E+06 1.38E+06 3.18E+05 2.00E+07 1.92E+07 8.68E+05 
3.2 1.76E+06 3.33E+05 2.91E+04 1.55E+06 1.47E+06 2.73E+05 
4.1 4.25E+06 4.19E+06 1.17E+06 3.56E+07 3.17E+07 3.93E+06 
4.2 3.94E+06 2.45E+06 9.20E+05 3.88E+06 2.91E+06 3.02E+06 
5.1 1.76E+05 1.41E+05 3.00E+04 1.30E+06 1.15E+06 1.19E+06 
5.2 6.83E+04 3.95E+04 - 7.99E+05 6.28E+05 1.71E+05 
6.1 4.44E+05 4.53E+04 3.02E+04 2.27E+06 1.02E+06 1.25E+06 
6.2 1.17E+06 3.64E+04 - 1.82E+06 1.19E+06 5.97E+05 
7.1 4.12E+05 7.09E+04 5.90E+04 1.45E+07 6.01E+05 7.90E+05 
7.2 5.75E+04 1.95E+04 8.68E+03 1.69E+05 2.28E+04 1.36E+04 
1 Measured in log CFU gdw
-1 




Table A.12: Microbial concentration in pen surface material from beef cattle receiving 


























1.1 3.19E+05 2.20E+05 1.10E+05 - - - 
1.2 1.12E+05 6.28E+04 2.29E+04 - - - 
2.1 1.93E+05 1.81E+05 - - - - 
2.2 2.95E+05 2.89E+05 - - - - 
3.1 1.92E+04 1.92E+04 1.13E+04 - - - 
3.2 2.81E+04 2.36E+04 4.47E+03 - - - 
4.1 5.37E+05 3.05E+05 - - - - 
4.2 1.46E+04 5.04E+03 6.56E+03 - - - 
5.1 2.21E+05 2.00E+05 2.12E+04 - - - 
5.2 1.38E+05 5.59E+04 3.46E+04 - - - 
6.1 1.25E+06 5.58E+05 6.95E+05 - - - 
6.2 2.12E+04 1.27E+04 4.23E+03 - - - 
7.1 3.28E+05 2.91E+05 3.68E+04 - - - 












1.1 3.65E+05 7.83E+04 5.27E+04 2.16E+06 1.41E+06 4.79E+04 
1.2 7.60E+04 5.67E+04 1.93E+04 6.49E+05 6.14E+05 3.50E+04 
2.1 4.24E+04 4.11E+04 5.30E+03 1.76E+06 7.49E+05 3.49E+05 
2.2 4.77E+04 3.23E+04 5.61E+03 3.82E+05 3.47E+05 3.51E+04 
3.1 2.65E+05 2.37E+05 2.79E+04 3.16E+06 2.80E+06 3.61E+05 
3.2 3.20E+04 7.07E+03 7.26E+03 1.84E+06 1.35E+06 - 
4.1 3.30E+05 2.81E+05 2.51E+05 9.88E+05 8.54E+05 1.34E+05 
4.2 1.04E+05 8.32E+03 2.01E+04 4.76E+05 3.13E+05 1.50E+05 
5.1 2.53E+05 2.23E+05 2.96E+04 1.67E+06 1.50E+06 1.62E+05 
5.2 1.42E+05 6.77E+04 3.47E+03 6.40E+05 5.68E+05 3.18E+04 
6.1 7.95E+05 3.67E+04 7.58E+05 3.23E+05 3.15E+05 8.56E+03 
6.2 1.67E+04 1.25E+04 1.53E+02 1.86E+05 1.86E+05 - 
7.1 5.42E+04 2.90E+04 2.61E+04 1.16E+06 9.97E+05 1.64E+05 










1.1 1.02E+04 - 1.01E+04 9.13E+05 1.21E+05 - 
1.2 5.40E+03 - - 5.70E+03 5.70E+03 - 
2.1 6.15E+04 3.78E+04 2.55E+04 7.34E+05 7.20E+05 1.42E+04 
2.2 9.65E+03 - - 3.28E+04 1.54E+04 - 
3.1 5.87E+03 - - 1.82E+05 1.72E+05 - 
3.2 - - - 4.47E+05 4.47E+05 - 
4.1 1.43E+05 5.35E+04 - 1.84E+05 1.61E+05 1.23E+04 
4.2 4.12E+04 2.93E+04 - 8.51E+05 7.42E+05 1.64E+05 
5.1 - - - - - - 
5.2 1.09E+05 1.08E+05 1.35E+03 - - - 
6.1 4.35E+05 1.59E+05 2.76E+05 1.03E+06 1.03E+06 1.64E+04 
6.2 3.03E+04 1.68E+04 1.35E+04 7.57E+05 7.07E+05 6.74E+03 
7.1 7.62E+04 5.93E+04 1.36E+04 6.14E+03 - - 












1.1 2.19E+06 2.19E+06 6.83E+05 3.06E+07 2.96E+07 9.62E+05 
1.2 8.38E+04 - - 1.33E+06 1.23E+06 3.97E+04 
2.1 3.11E+06 2.62E+06 7.45E+05 - - - 
2.2 3.68E+06 4.95E+05 5.10E+04 5.36E+05 - 5.36E+05 
3.1 1.25E+06 2.98E+05 6.27E+04 2.54E+06 2.15E+06 3.90E+05 
3.2 2.59E+05 2.29E+05 2.98E+04 4.25E+06 2.29E+06 1.96E+06 
4.1 1.50E+06 4.46E+05 4.16E+04 1.42E+07 1.42E+07 1.42E+07 
4.2 6.18E+05 2.74E+05 4.43E+04 3.33E+06 2.14E+06 1.20E+06 
5.1 3.75E+06 1.11E+06 2.17E+04 2.56E+06 8.71E+05 1.69E+06 
5.2 4.00E+05 1.79E+04 - 4.88E+05 9.66E+04 8.52E+04 
6.1 1.17E+06 9.88E+05 1.86E+05 4.61E+06 1.72E+06 2.89E+06 
6.2 3.04E+06 2.84E+05 4.71E+04 4.08E+06 2.56E+06 8.07E+05 
7.1 7.64E+05 1.51E+05 1.06E+04 2.21E+06 1.56E+06 6.55E+05 
7.2 3.66E+06 1.43E+06 2.23E+06 2.49E+07 2.23E+07 2.59E+06 
1 Measured in log CFU gdw
-1 




Table A.13: Microbial concentration in pen surface material from beef cattle receiving 



























1.1 3.51E+05 2.94E+05 3.68E+04 - - - 
1.2 2.93E+05 1.41E+05 1.91E+04 - - - 
2.1 3.99E+05 3.64E+05 6.99E+03 - - - 
2.2 4.97E+04 2.13E+04 4.49E+03 - - - 
3.1 1.94E+05 3.57E+04 2.22E+04 - - - 
3.2 3.95E+05 3.95E+03 - - - - 
4.1 6.33E+04 3.66E+04 2.67E+04 - - - 
4.2 3.66E+04 1.25E+04 1.08E+04 - - - 
5.1 1.58E+05 1.46E+05 1.18E+04 - - - 
5.2 2.75E+04 1.34E+04 2.56E+03 - - - 
6.1 2.14E+05 1.32E+05 4.19E+04 - - - 
6.2 7.23E+04 5.53E+03 9.04E+03 - - - 
7.1 1.41E+05 9.00E+04 1.32E+04 - - - 












1.1 7.19E+05 7.17E+04 7.33E+04 2.09E+06 1.80E+06 2.97E+05 
1.2 8.08E+05 4.46E+05 4.42E+04 4.75E+05 1.35E+05 8.23E+03 
2.1 2.67E+05 2.39E+05 2.76E+04 1.00E+06 9.68E+05 3.55E+04 
2.2 2.16E+05 1.19E+05 7.56E+03 4.45E+05 2.71E+05 6.61E+03 
3.1 4.62E+05 4.44E+05 1.83E+04 4.25E+06 2.11E+06 2.14E+06 
3.2 2.89E+04 1.56E+04 8.16E+03 9.64E+05 3.35E+05 2.86E+05 
4.1 2.35E+05 2.02E+05 3.33E+04 1.38E+06 1.12E+06 1.02E+06 
4.2 1.55E+05 1.08E+05 1.67E+04 3.01E+05 2.95E+05 1.18E+05 
5.1 2.61E+05 1.54E+05 1.57E+05 5.67E+05 5.41E+05 2.63E+04 
5.2 1.54E+05 1.96E+04 2.92E+02 2.92E+05 2.82E+05 1.04E+04 
6.1 4.39E+05 3.41E+05 5.74E+04 3.73E+04 3.73E+04 - 
6.2 3.20E+04 2.51E+04 1.52E+04 5.13E+05 4.95E+05 1.75E+04 
7.1 4.22E+05 4.04E+05 1.84E+04 1.68E+06 1.53E+06 1.51E+05 










1.1 3.11E+04 7.59E+03 2.35E+04 3.56E+04 1.37E+04 - 
1.2 - - - - - - 
2.1 3.94E+04 - - 7.35E+05 7.10E+05 2.54E+04 
2.2 - - - - - - 
3.1 3.32E+04 1.76E+04 1.56E+04 9.66E+05 9.52E+05 1.37E+04 
3.2 6.95E+03 - 6.95E+03 6.67E+05 6.67E+05 - 
4.1 3.56E+06 3.03E+06 5.28E+05 1.06E+06 8.97E+05 5.81E+04 
4.2 1.25E+04 6.76E+03 3.86E+03 3.82E+05 3.60E+05 2.22E+04 
5.1 2.78E+06 2.60E+06 3.10E+04 8.26E+04 3.88E+04 - 
5.2 7.95E+03 5.57E+03 - 8.07E+05 6.83E+05 2.53E+05 
6.1 4.17E+05 4.17E+05 3.75E+04 1.15E+06 1.12E+06 3.25E+04 
6.2 - - - 1.74E+04 1.74E+04 - 
7.1 2.36E+05 1.15E+05 3.65E+04 1.77E+06 8.16E+05 9.52E+05 












1.1 1.28E+06 6.55E+05 4.81E+05 2.46E+06 1.74E+06 7.21E+05 
1.2 3.61E+05 3.66E+04 2.70E+04 6.53E+04 4.84E+04 - 
2.1 2.49E+06 2.07E+06 4.92E+05 5.69E+06 1.57E+06 1.61E+06 
2.2 8.60E+05 9.36E+04 - 3.58E+06 2.97E+06 2.63E+06 
3.1 1.47E+07 1.47E+07 4.30E+05 3.36E+06 2.24E+06 1.12E+06 
3.2 3.97E+06 2.43E+06 - 2.14E+07 2.14E+07 2.48E+06 
4.1 5.78E+06 4.63E+06 1.16E+06 8.22E+06 4.40E+06 3.82E+06 
4.2 3.31E+06 3.12E+05 8.25E+04 1.50E+06 9.21E+05 1.10E+05 
5.1 1.73E+06 1.19E+06 5.43E+05 1.08E+06 1.04E+06 5.62E+05 
5.2 3.04E+05 2.72E+05 3.14E+04 1.35E+06 6.43E+05 7.09E+05 
6.1 8.12E+05 1.95E+05 5.10E+04 1.01E+06 8.56E+05 6.58E+05 
6.2 9.84E+05 3.47E+05 - 1.22E+06 9.04E+05 1.06E+06 
7.1 8.55E+05 5.79E+05 6.75E+03 5.52E+05 5.24E+05 5.24E+05 
7.2 1.09E+06 2.75E+05 4.78E+04 1.68E+06 1.12E+06 1.01E+06 
1 Measured in log CFU gdw
-1 




Table A.14: Microbial concentration in pen surface material from beef cattle receiving 



























1.1 3.91E+05 3.68E+05 1.35E+05 - - - 
1.2 3.03E+05 5.22E+04 8.83E+03 - - - 
2.1 8.26E+05 8.14E+05 6.12E+05 - - - 
2.2 2.15E+05 8.78E+04 - - - - 
3.1 4.17E+04 3.98E+04 3.41E+04 - - - 
3.2 2.54E+04 - 2.54E+04 - - - 
4.1 1.93E+06 1.44E+06 4.93E+05 - - - 
4.2 5.43E+05 1.93E+05 2.15E+05 - - - 
5.1 5.28E+05 5.19E+05 9.25E+03 - - - 
5.2 6.13E+04 2.95E+04 6.43E+03 - - - 
6.1 4.45E+05 4.31E+05 1.39E+04 - - - 
6.2 2.34E+04 1.40E+04 3.99E+03 - - - 
7.1 2.14E+05 1.35E+05 5.13E+04 - - - 












1.1 1.16E+06 7.65E+05 3.99E+05 1.41E+06 1.26E+06 1.49E+05 
1.2 1.07E+05 2.97E+04 1.45E+04 3.23E+05 2.65E+05 6.86E+03 
2.1 6.79E+05 4.52E+05 2.27E+05 1.35E+06 1.29E+06 5.85E+04 
2.2 3.37E+05 1.49E+05 1.88E+05 2.88E+05 2.88E+05 - 
3.1 2.13E+05 1.78E+05 3.57E+04 9.93E+05 3.42E+05 3.08E+04 
3.2 1.17E+05 5.59E+04 2.41E+04 1.22E+06 4.24E+05 1.13E+05 
4.1 1.07E+06 9.06E+05 1.60E+05 3.30E+06 2.50E+06 8.01E+05 
4.2 5.77E+04 1.78E+04 1.48E+04 4.46E+05 2.30E+05 3.40E+04 
5.1 2.82E+05 2.50E+05 1.72E+04 6.76E+05 6.35E+05 4.10E+04 
5.2 9.05E+03 3.09E+03 2.10E+02 2.32E+05 1.88E+05 1.73E+04 
6.1 2.12E+05 1.96E+05 1.61E+04 7.17E+05 3.13E+05 1.01E+04 
6.2 4.35E+05 3.57E+05 2.06E+04 9.85E+05 9.71E+05 1.32E+04 
7.1 1.28E+06 8.69E+05 3.15E+04 1.52E+06 1.37E+06 1.53E+05 










1.1 1.22E+05 4.93E+04 7.28E+04 1.63E+06 1.59E+06 4.28E+04 
1.2 1.71E+04 1.27E+04 7.45E+03 3.35E+04 2.53E+04 8.19E+03 
2.1 2.39E+04 7.42E+03 1.81E+04 1.40E+04 4.95E+03 - 
2.2 2.56E+04 1.92E+04 6.40E+03 1.03E+06 5.97E+05 4.44E+05 
3.1 2.25E+04 2.25E+04 - 9.54E+05 9.54E+05 - 
3.2 2.10E+04 1.61E+04 1.13E+04 5.20E+05 4.89E+05 1.78E+04 
4.1 3.96E+04 1.78E+04 - 2.40E+06 1.47E+06 9.34E+05 
4.2 1.59E+05 1.80E+04 1.39E+04 3.52E+05 1.97E+05 - 
5.1 1.60E+05 1.60E+05 - 2.38E+06 1.71E+06 9.81E+05 
5.2 1.27E+06 1.27E+06 - 2.63E+06 1.64E+06 1.32E+06 
6.1 1.60E+05 7.30E+04 7.30E+04 3.33E+06 2.04E+06 4.78E+05 
6.2 7.67E+06 7.67E+06 7.67E+06 8.28E+05 6.29E+05 3.38E+04 
7.1 6.92E+03 - - 1.55E+06 9.95E+05 5.83E+03 












1.1 4.04E+06 3.24E+06 5.68E+05 3.08E+07 2.84E+07 2.39E+06 
1.2 1.51E+06 4.04E+04 1.67E+04 2.46E+06 1.98E+06 7.27E+05 
2.1 4.37E+06 4.22E+06 9.01E+04 7.30E+06 4.83E+06 2.42E+06 
2.2 3.78E+06 2.22E+06 6.72E+05 2.78E+07 2.78E+07 3.34E+06 
3.1 4.04E+06 3.58E+06 5.12E+05 9.68E+06 7.03E+06 2.65E+06 
3.2 3.51E+05 6.48E+04 - 6.73E+06 5.32E+06 1.41E+06 
4.1 1.07E+06 1.03E+06 4.45E+05 2.68E+07 2.68E+07 3.37E+06 
4.2 5.35E+06 4.43E+06 5.14E+06 6.19E+06 5.07E+06 2.82E+06 
5.1 4.35E+05 4.35E+05 - 1.01E+06 8.05E+05 9.06E+05 
5.2 2.69E+05 1.44E+05 5.77E+03 1.44E+06 4.91E+05 9.53E+05 
6.1 1.32E+06 6.36E+05 4.00E+04 4.26E+06 2.06E+06 2.20E+06 
6.2 2.93E+05 4.75E+04 2.57E+05 4.62E+06 2.47E+06 2.15E+06 
7.1 1.18E+06 1.15E+06 1.92E+05 1.21E+06 1.09E+06 5.44E+05 
7.2 2.05E+06 1.93E+06 1.15E+05 9.67E+05 9.01E+05 7.67E+05 
1 Measured in log CFU gdw
-1 




Table A.15: Percent moisture content in manure from pens with cattle receiving 80% 
dietary forage without EO  
Block and Sample 
Fresh Surface 
27-Feb 3-Apr 1-May 12-Jun 27-Feb 3-Apr 1-May 12-Jun 
1.1 86.34 85.83 78.51 83.02 77.44 70.57 58.40 65.01 
1.2 82.18 85.94 82.96 82.50 79.12 63.72 14.90 45.40 
2.1 85.30 83.91 84.89 82.88 75.01 60.06 10.36 56.90 
2.2 79.44 81.86 80.96 85.24 64.42 60.86 9.02 16.31 
3.1 85.94 83.81 82.29 82.02 70.06 61.51 11.38 61.04 
3.2 80.33 84.62 84.58 78.43 52.27 42.43 5.45 13.12 
4.1 84.44 84.20 81.45 81.74 76.72 66.61 16.62 54.54 
4.2 79.26 84.51 83.28 84.65 47.66 38.68 9.55 19.65 
5.1 84.65 83.18 82.53 81.34 76.45 66.07 19.94 37.06 
5.2 79.81 81.72 85.63 78.67 72.73 49.36 8.68 18.56 
6.1 76.14 83.15 82.27 81.83 70.90 67.53 34.93 55.26 
6.2 81.83 84.04 82.02 82.76 56.68 50.64 5.27 33.06 
7.1 80.54 82.70 84.11 83.01 72.41 64.73 13.91 36.12 
7.2 83.34 80.36 78.38 83.63 53.63 44.28 11.75 17.82 
 
 
Table A.16: Percent moisture content in manure from pens with cattle receiving 80% 
dietary forage with EO 
Block and Sample 
Fresh Surface 
27-Feb 3-Apr 1-May 12-Jun 27-Feb 3-Apr 1-May 12-Jun 
1.1 81.46 85.01 83.35 85.44 82.05 68.97 3.88 51.58 
1.2 81.80 82.26 82.98 83.00 76.81 41.44 3.89 45.05 
2.1 76.14 83.82 84.90 83.79 81.00 68.57 23.21 55.06 
2.2 78.75 81.02 83.54 81.85 71.62 45.12 17.04 34.11 
3.1 85.98 82.04 78.44 82.99 76.84 64.77 10.24 49.31 
3.2 84.93 82.21 80.84 82.53 58.79 68.01 9.54 33.74 
4.1 80.61 81.92 86.92 80.56 76.58 70.09 9.92 47.52 
4.2 79.24 83.12 81.24 81.58 66.22 42.81 6.92 14.42 
5.1 87.61 81.47 84.70 82.73 78.43 74.72 22.49 38.56 
5.2 86.71 81.98 82.89 84.66 57.37 52.90 7.76 20.07 
6.1 77.38 82.78 84.17 82.58 75.09 68.80 15.08 49.87 
6.2 81.64 81.75 85.17 84.55 48.97 42.03 67.03 22.09 
7.1 83.83 85.93 83.61 83.83 74.06 59.39 19.17 62.21 





Table A.17: Percent moisture content in manure from pens with cattle receiving 47% 
dietary forage without EO 
Block and Sample 
Fresh Surface 
27-Feb 3-Apr 1-May 12-Jun 27-Feb 3-Apr 1-May 12-Jun 
1.1 76.24 78.82 72.13 81.62 73.11 61.48 11.04 59.22 
1.2 76.86 77.86 78.12 80.14 69.49 53.29 10.55 46.36 
2.1 75.31 80.66 78.81 78.55 70.69 51.03 13.93 57.74 
2.2 77.30 80.17 74.68 82.05 51.16 48.40 13.81 38.35 
3.1 80.83 80.41 82.70 82.78 70.66 53.27 13.31 57.36 
3.2 80.90 82.36 78.21 81.46 56.46 50.06 12.05 44.62 
4.1 80.54 76.17 74.87 75.97 73.24 58.05 28.33 43.64 
4.2 77.82 75.58 68.88 81.57 65.77 40.30 8.05 16.62 
5.1 73.21 75.89 81.15 78.01 73.93 61.01 38.22 45.64 
5.2 75.54 77.38 73.05 75.89 60.35 33.86 7.03 15.13 
6.1 74.21 76.53 80.19 80.27 67.66 66.33 16.39 34.88 
6.2 78.30 68.86 82.78 77.29 42.95 47.94 5.77 16.83 
7.1 71.86 83.90 75.82 80.21 66.54 61.86 33.35 25.09 
7.2 75.97 79.50 80.72 76.05 45.64 39.34 7.39 16.65 
 
 
Table A.18: Percent moisture content in manure from pens with cattle receiving 47% 
dietary forage with EO 
Block and Sample 
Fresh Surface 
27-Feb 3-Apr 1-May 12-Jun 27-Feb 3-Apr 1-May 12-Jun 
1.1 79.51 74.85 73.47 76.26 76.20 54.41 9.73 56.07 
1.2 76.33 79.78 76.84 76.87 70.71 37.86 9.31 41.12 
2.1 78.28 76.68 75.72 75.48 72.12 59.31 14.37 46.53 
2.2 79.47 78.02 80.39 81.52 64.66 56.66 5.66 19.19 
3.1 76.77 73.89 77.73 79.08 68.81 53.71 9.78 52.63 
3.2 78.18 80.13 79.46 81.25 54.09 50.13 11.50 20.21 
4.1 77.23 80.08 76.97 78.23 76.42 68.96 11.09 24.42 
4.2 79.91 79.07 78.54 78.39 60.71 38.79 7.81 21.42 
5.1 74.95 81.70 71.54 78.20 85.55 66.10 28.20 28.52 
5.2 73.27 75.21 78.01 80.22 59.93 47.45 23.35 15.94 
6.1 82.97 79.14 77.83 71.50 61.63 56.00 11.26 38.96 
6.2 82.69 68.92 76.94 78.43 54.39 37.34 18.14 23.29 
7.1 76.39 84.53 75.85 81.70 69.21 60.95 10.50 44.60 





Table A.19: Percent moisture content in manure from pens with cattle receiving 14% 
dietary forage without EO 
Block and Sample 
Fresh Surface 
27-Feb 3-Apr 1-May 12-Jun 27-Feb 3-Apr 1-May 12-Jun 
1.1 69.22 76.84 80.54 72.61 75.83 57.55 11.32 15.06 
1.2 74.06 71.62 87.94 71.15 72.50 49.14 37.26 49.32 
2.1 79.17 71.21 77.20 71.30 73.29 51.97 10.50 54.34 
2.2 73.58 78.66 73.85 75.30 67.48 54.90 13.93 10.12 
3.1 74.34 77.64 78.37 71.80 68.26 52.37 8.44 47.45 
3.2 73.90 74.37 79.41 71.82 41.13 40.46 6.62 16.24 
4.1 70.59 54.39 72.66 71.02 69.74 59.50 9.38 45.20 
4.2 71.70 78.57 74.91 75.92 41.01 44.31 5.57 31.01 
5.1 81.72 71.36 69.90 71.52 78.45 63.00 36.14 39.60 
5.2 74.46 68.24 74.66 68.59 55.25 43.26 10.68 18.63 
6.1 72.83 77.83 71.30 65.49 64.13 59.26 32.64 37.87 
6.2 74.54 80.65 74.90 71.99 54.65 35.46 14.42 12.53 
7.1 77.17 80.27 77.98 76.11 69.97 67.76 14.93 19.44 
7.2 74.42 77.95 73.18 77.10 53.63 36.00 11.71 14.87 
 
 
Table A.20: Percent moisture content in manure from pens with cattle receiving 14% 
dietary forage with EO 
Block and Sample 
Fresh Surface 
27-Feb 3-Apr 1-May 12-Jun 27-Feb 3-Apr 1-May 12-Jun 
1.1 76.13 76.01 79.18 74.18 78.54 53.74 11.82 52.39 
1.2 75.26 73.30 76.04 74.16 70.93 46.90 17.34 18.82 
2.1 70.50 74.32 78.05 71.67 71.63 56.08 11.45 44.47 
2.2 73.01 78.25 72.15 68.78 72.26 51.37 7.04 25.85 
3.1 73.12 74.94 73.87 69.52 70.93 55.12 8.20 43.49 
3.2 74.03 70.06 72.23 70.74 69.23 47.40 18.02 21.10 
4.1 74.36 71.80 69.94 72.48 75.09 60.71 11.89 37.21 
4.2 68.84 75.67 68.36 67.97 48.64 32.85 6.40 14.23 
5.1 69.16 69.96 74.87 70.93 74.48 61.75 11.93 43.30 
5.2 67.11 72.31 61.11 77.15 67.42 29.94 6.70 16.18 
6.1 70.26 80.79 69.61 75.71 66.60 53.48 6.87 23.79 
6.2 76.67 72.74 76.31 65.54 52.14 33.56 7.70 15.47 
7.1 76.60 76.56 67.53 78.89 70.73 54.60 14.14 36.01 




Table A.21: Effect of essential oil, forage concentration, sampling day, and pen location 
on mean concentration of E.coli resistant to azithromycin or tetracycline in freshly 




 Pen Surface Material 
E. coli AZ
R
  E. coli TET
R
  E. coli AZ
R
  E. coli TET
R
  
Essential Oil P = 0.108 P = 0.757 P = 0.375 P = 0.670 
Yes      6.03 4.87 5.31 4.03 
No      6.11 4.73 5.28 3.80 
Forage Conc. P = 0.816 P = 0.146 P = 0.178 P = 0.328 
80%      5.96 4.47 5.30 3.63 
47%       6.13 4.91 5.43 4.76
 
 
14%     6.12 5.02 5.15 3.84 
Sampling Day P = 0.858 P = 0.0009 P = 8.4E-14 P = 2.6E-16 
27-Feb - - - - 





















Pen Location - - P = 0.217 P = 0.265 











(Oil x Forage) 
P = 0.769 P = 0.579 P = 0.410 P = 0.532 
Oil x 80% 6.00 4.85 5.25 3.80 
No Oil x 80% 5.91 4.09 5.34 3.47 
Oil x 47% 6.06 4.96 5.55 4.44 
No Oil x 47% 6.21 4.84 5.30 4.10 
Oil x 14% 6.02 4.77 5.12 3.86 
No Oil x 14% 6.21 5.25 5.17 3.81 
Oil x Day P = 0.229 P = 0.522 P = 0.683 P = 0.964 
Forage x Day P = 0.052 P = 0.348 P = 0.153 P = 0.119 
Oil x Location - - P = 0.281 P = 0.081 
Forage x Location - - P = 0.478 P = 0.827 
Day x Location - - P = 0.836 P = 0.449 
Oil x Forage x Day - - P = 0.349 P = 0.826 
Oil x Forage x Location - - P = 0.583 P = 0.823 
Oil x Day x Location - - P = 0.612 P = 0.123 
Forage x Day x Location - - P = 0.624 P = 0.861 






Table A.22: Effect of essential oil, forage concentration, sampling day, and pen location 
on mean concentration
1
 of Enterococci resistant to tetracycline or tylosin in fresh manure 




 Pen Surface Material 
Enterococci TET
R
  Enterococci TY
R
  Enterococci TET
R
  Enterococci TY
R
  
Essential Oil P = 0.937 P = 0.896 P = 0.298 P = 0.852 
Yes 2.87 5.28 3.73 4.58 
No 2.90 5.34 3.60 4.44 















 3.65 4.42 





































Pen Location - - P = 0.587 P = 0.462 
Close to Feeder - - 1.04 4.83
 
 




(Oil x Forage) 
P = 0.631 P = 0.427 P = 0.060 P = 0.059 
Oil x 80% 2.87 5.72 3.45 4.27 
 
No Oil x 80% 2.58 5.45 3.43 4.32 
Oil x 47% 3.22 5.74 4.12 5.04
 
No Oil x 47% 3.25 5.88 3.68  4.61 
Oil x 14% 2.49 4.36 3.62  4.43 
No Oil x 14% 2.85 4.68 3.67  4.41 
Oil x Day P = 0.559 P = 0.585 P = 0.083 P = 0.060 
Forage x Day P = 0.054 P = 0.061 P = 0.505 P = 0.731 
Oil x Location - - P = 0.487 P = 0.379 
Silage x Location - - P = 0.427 P = 0.620 
Day x Location - - P = 0.730 P = 0.860 
Oil x Forage x Day - - P = 0.078 P = 0.658 
Oil x Forage x Location - - P = 0.934 P = 0.204 
Oil x Day x Location - - P = 0.527 P = 0.025 
Forage x Day x Location - - P = 0.914 P = 0.666 





















Figure A.3: Spiral plating of samples for enumeration of microbes  
 
 
Figure A.4: Microbial growth on CHROMagar E. coli media (blue colonies are E. coli) 













Appendix B: Supporting Information for Chapter 3 













 Total  19 11 0 20 0 0 
Fresh Manure  4 2 0 4 0 0 
Compost  4 2 0 4 0 0 
Stockpiled Manure  4 1 0 4 0 0 
Inorganic  3 3 0 4 0 0 









 Total  74 28 3 80 0 2 
Fresh Manure  14 7 3 16 0 1 
Compost  15 7 0 16 0 1 
Stockpiled Manure  15 8 0 16 0 0 
Inorganic  15 2 0 16 0 0 









 Total  40 36 0 80 12 7 
Fresh Manure  7 8 0 16 2 3 
Compost  8 7 0 16 3 0 
Stockpiled Manure  7 6 0 16 3 3 
Inorganic  7 6 0 16 3 1 









 Total  20 10 0 80 9 3 
Fresh Manure  4 1 0 16 3 2 
Compost  4 2 0 16 2 0 
Stockpiled Manure  3 4 0 16 3 1 
Inorganic  6 2 0 16 0 0 









 Total  48 45 4 80 19 6 
Fresh Manure  13 13 3 16 6 5 
Compost  9 9 1 16 3 0 
Stockpiled Manure  10 9 0 16 2 1 
Inorganic  9 8 0 16 4 0 









Total  11 11 0 80 11 7 
Fresh Manure  3 3 0 16 1 2 
Compost  3 3 0 16 0 0 
Stockpiled Manure  2 2 0 16 4 5 
Inorganic  2 2 0 16 3 0 








Total  14 14 1 80 16 9 
Fresh Manure  2 2 1 16 8 5 
Compost  2 2 0 16 1 0 
Stockpiled Manure  3 3 0 16 3 2 
Inorganic  3 3 0 16 2 1 
Control  4 4 0 16 2 1 
1 
Background samples (10/23/18) measured only composite soil from 20 plots (4 per treatment), subsequent 









 ermB intI1 tetO tetQ 
10/23/2018 
1 1.3E+09 1.23E+04 2.10E+04 2.03E+04 1.41E+04 
2 2.1E+09 0.00E+00 1.72E+04 0.00E+00 1.60E+04 
3 2.5E+09 8.95E+03 1.70E+04 0.00E+00 5.67E+04 
4 9.5E+08 2.03E+04 2.66E+04 0.00E+00 1.86E+04 
10/30/2018 
1 1.0E+09 9.30E+03 2.21E+05 0.00E+00 1.33E+03 
2 9.4E+08 0.00E+00 2.88E+04 1.90E+04 3.52E+02 
3 9.9E+08 0.00E+00 8.24E+01 0.00E+00 4.08E+03 
4 4.6E+08 0.00E+00 5.05E+03 0.00E+00 0.00E+00 
11/13/2018 
1 1.4E+09 7.29E+03 6.44E+04 0.00E+00 6.46E+03 
2 8.9E+08 1.03E+04 1.13E+05 0.00E+00 0.00E+00 
3 1.8E+09 3.08E+03 1.63E+05 0.00E+00 0.00E+00 
4 7.0E+08 0.00E+00 5.50E+04 2.93E+04 4.16E+04 
11/27/2018 
1 9.0E+08 3.30E+04 4.26E+04 0.00E+00 4.92E+04 
2 1.1E+09 5.56E+04 4.45E+04 2.51E+04 5.18E+04 
3 1.4E+09 1.49E+04 1.80E+04 0.00E+00 0.00E+00 
4 5.6E+08 0.00E+00 1.89E+04 0.00E+00 2.34E+04 
12/19/2018 
1 1.6E+09 1.21E+04 5.09E+04 1.17E+05 5.30E+04 
2 1.0E+09 2.38E+03 2.41E+04 4.77E+04 2.07E+04 
3 2.4E+09 4.80E+04 1.23E+06 1.44E+04 0.00E+00 
4 1.2E+09 1.15E+02 3.54E+04 9.03E+03 7.50E+04 
1/17/2019 
1 1.4E+09 0.00E+00 1.61E+04 0.00E+00 2.11E+05 
2 1.9E+09 1.37E+04 1.31E+04 8.02E+04 2.11E+04 
3 5.1E+09 6.37E+04 8.36E+04 0.00E+00 1.75E+04 
4 1.3E+09 1.57E+04 2.10E+04 0.00E+00 0.00E+00 
4/1/2019 
1 2.9E+09 0.00E+00 1.78E+04 1.84E+04 5.30E+04 
2 1.8E+09 1.38E+04 1.31E+04 4.91E+04 2.07E+04 
3 1.9E+09 0.00E+00 8.72E+04 4.22E+04 0.00E+00 
4 1.4E+09 4.59E+01 2.25E+04 4.98E+03 7.51E+04 
1 











 ermB intI1 tetO tetQ 
10/23/2018 
1 9.8E+08 9.51E+03 4.21E+04 0.00E+00 1.66E+04 
2 1.4E+09 6.54E+03 3.59E+05 0.00E+00 0.00E+00 
3 1.8E+09 2.51E+02 3.57E+04 0.00E+00 0.00E+00 
4 1.0E+09 0.00E+00 5.45E+03 0.00E+00 0.00E+00 
10/30/2018 
1 7.5E+08 0.00E+00 5.85E+03 0.00E+00 1.07E+04 
2 6.8E+08 0.00E+00 1.72E+03 0.00E+00 3.05E+03 
3 1.7E+08 0.00E+00 1.46E+04 0.00E+00 1.45E+03 
4 7.9E+08 0.00E+00 5.80E+03 0.00E+00 0.00E+00 
11/13/2018 
1 1.4E+09 7.62E+03 5.88E+04 5.48E+04 7.98E+04 
2 1.1E+09 0.00E+00 3.22E+04 0.00E+00 0.00E+00 
3 2.8E+09 0.00E+00 1.57E+04 0.00E+00 0.00E+00 
4 2.1E+09 2.68E+03 1.38E+04 2.78E+04 3.84E+04 
11/27/2018 
1 1.6E+09 0.00E+00 8.78E+03 2.27E+03 1.34E+03 
2 1.1E+09 7.10E+03 1.21E+04 4.04E+04 1.27E+04 
3 1.6E+09 0.00E+00 2.27E+04 7.32E+04 0.00E+00 
4 1.2E+09 0.00E+00 9.06E+03 0.00E+00 0.00E+00 
12/19/2018 
1 1.8E+09 1.02E+04 1.30E+04 0.00E+00 7.55E+03 
2 1.9E+09 1.35E+03 3.71E+04 0.00E+00 5.37E+04 
3 1.1E+09 0.00E+00 3.98E+03 5.93E+03 4.67E+04 
4 1.9E+09 6.49E+02 5.41E+04 0.00E+00 0.00E+00 
1/17/2019 
1 2.7E+09 0.00E+00 6.57E+03 1.39E+06 0.00E+00 
2 3.6E+09 0.00E+00 5.12E+03 3.53E+04 7.62E+02 
3 1.7E+09 3.33E+03 7.47E+03 0.00E+00 0.00E+00 
4 2.2E+09 0.00E+00 3.70E+04 1.59E+05 6.43E+04 
4/1/2019 
1 2.9E+09 5.98E+03 6.26E+03 1.43E+04 7.49E+03 
2 3.2E+09 0.00E+00 4.35E+03 1.73E+03 5.33E+04 
3 2.5E+09 0.00E+00 1.05E+04 0.00E+00 4.71E+04 
4 3.4E+09 1.69E+02 3.21E+04 1.57E+04 0.00E+00 
1 











 ermB intI1 tetO tetQ 
10/23/2018 
1 1.3E+09 0.00E+00 2.09E+04 0.00E+00 0.00E+00 
2 1.4E+09 5.30E+03 1.06E+04 0.00E+00 0.00E+00 
3 8.8E+08 5.81E+03 1.20E+04 0.00E+00 9.40E+02 
4 1.2E+09 6.40E+03 1.29E+04 0.00E+00 0.00E+00 
10/30/2018 
1 8.6E+08 0.00E+00 7.04E+03 0.00E+00 2.65E+03 
2 1.2E+09 0.00E+00 1.45E+02 0.00E+00 2.99E+03 
3 1.5E+09 1.01E+04 2.32E+03 0.00E+00 4.10E+03 
4 8.5E+08 0.00E+00 2.56E+03 0.00E+00 1.70E+03 
11/13/2018 
1 7.9E+08 3.54E+03 1.17E+04 0.00E+00 0.00E+00 
2 7.5E+08 0.00E+00 8.84E+03 0.00E+00 0.00E+00 
3 1.8E+09 0.00E+00 3.84E+04 0.00E+00 0.00E+00 
4 1.5E+09 0.00E+00 1.89E+05 2.36E+04 3.30E+04 
11/27/2018 
1 1.4E+09 7.88E+03 1.11E+04 0.00E+00 0.00E+00 
2 1.5E+09 0.00E+00 2.44E+04 0.00E+00 3.36E+04 
3 1.5E+09 1.46E+04 2.32E+04 1.31E+04 1.94E+04 
4 7.7E+08 1.54E+04 6.66E+04 4.63E+03 2.03E+04 
12/19/2018 
1 1.9E+09 5.27E+02 1.82E+04 0.00E+00 1.08E+04 
2 1.6E+09 7.94E+03 3.60E+04 1.57E+04 3.48E+04 
3 1.2E+09 3.33E+03 8.56E+03 1.86E+04 2.26E+04 
4 1.5E+09 6.37E+03 4.00E+04 2.75E+04 3.04E+04 
1/17/2019 
1 4.8E+09 0.00E+00 4.70E+03 0.00E+00 1.20E+05 
2 2.4E+09 0.00E+00 9.79E+03 0.00E+00 2.05E+03 
3 1.9E+09 0.00E+00 4.88E+03 0.00E+00 0.00E+00 
4 2.4E+09 0.00E+00 1.30E+04 0.00E+00 0.00E+00 
4/1/2019 
1 2.7E+09 0.00E+00 4.17E+03 0.00E+00 1.09E+04 
2 2.4E+09 0.00E+00 1.07E+04 0.00E+00 3.49E+04 
3 1.9E+09 0.00E+00 5.58E+03 0.00E+00 2.29E+04 
4 2.4E+09 0.00E+00 1.13E+04 3.44E+04 3.08E+04 
1 













 ermB intI1 tetO tetQ 
10/23/2018 
1 1.6E+09 0.00E+00 5.39E+03 0.00E+00 1.16E+04 
2 1.5E+09 0.00E+00 1.66E+04 0.00E+00 3.43E+04 
3 1.6E+09 6.14E+03 2.62E+04 0.00E+00 0.00E+00 
4 1.6E+09 0.00E+00 2.02E+04 0.00E+00 0.00E+00 
10/30/2018 
1 1.9E+09 0.00E+00 2.62E+04 0.00E+00 5.11E+03 
2 5.3E+08 0.00E+00 9.77E+04 3.25E+04 7.28E+03 
3 1.3E+09 0.00E+00 1.72E+04 1.16E+04 1.02E+04 
4 1.1E+09 0.00E+00 4.54E+03 0.00E+00 2.25E+03 
11/13/2018 
1 1.2E+09 1.56E+04 7.52E+04 1.03E+06 1.26E+06 
2 2.0E+09 0.00E+00 2.07E+05 0.00E+00 0.00E+00 
3 1.2E+09 0.00E+00 6.56E+04 0.00E+00 0.00E+00 
4 1.6E+09 0.00E+00 4.51E+04 0.00E+00 0.00E+00 
11/27/2018 
1 1.6E+09 7.14E+04 4.05E+04 3.96E+04 1.12E+05 
2 1.2E+09 0.00E+00 2.54E+03 0.00E+00 0.00E+00 
3 1.2E+09 1.47E+04 3.35E+04 4.13E+03 1.38E+04 
4 6.9E+08 6.72E+03 4.61E+04 0.00E+00 3.13E+04 
12/19/2018 
1 1.5E+09 5.28E+03 4.87E+04 1.52E+04 8.01E+04 
2 1.3E+09 4.40E+03 1.29E+05 0.00E+00 1.25E+05 
3 1.5E+09 2.91E+03 1.69E+05 1.12E+05 1.49E+05 
4 1.4E+09 1.40E+04 7.28E+04 1.56E+04 3.17E+04 
1/17/2019 
1 4.5E+09 0.00E+00 3.25E+05 7.85E+04 1.90E+05 
2 1.9E+09 0.00E+00 1.51E+04 0.00E+00 1.43E+04 
3 2.6E+09 0.00E+00 1.10E+04 1.27E+05 0.00E+00 
4 1.9E+09 0.00E+00 7.79E+03 2.40E+04 3.62E+04 
4/1/2019 
1 2.5E+09 0.00E+00 2.80E+05 4.90E+04 7.99E+04 
2 2.1E+09 0.00E+00 1.58E+04 3.00E+04 1.24E+05 
3 1.7E+09 5.92E+03 9.40E+03 0.00E+00 1.50E+05 
4 8.8E+08 0.00E+00 6.24E+03 0.00E+00 3.16E+04 
1 












 ermB intI1 tetO tetQ 
10/23/2018 
1 1.1E+09 0.00E+00 9.58E+03 0.00E+00 7.51E+04 
2 1.2E+09 0.00E+00 1.98E+04 3.10E+05 9.52E+03 
3 9.3E+08 0.00E+00 1.38E+04 0.00E+00 1.92E+04 
4 1.4E+09 0.00E+00 2.67E+04 0.00E+00 0.00E+00 
10/30/2018 
1 8.1E+08 0.00E+00 2.16E+04 1.11E+03 3.79E+02 
2 1.1E+09 0.00E+00 1.28E+04 0.00E+00 1.20E+03 
3 8.1E+08 3.05E+03 7.41E+03 0.00E+00 0.00E+00 
4 1.2E+09 0.00E+00 2.18E+04 7.00E+03 2.56E+03 
11/13/2018 
1 1.7E+09 5.08E+03 9.48E+04 4.34E+04 6.01E+04 
2 1.2E+09 3.88E+03 2.07E+04 0.00E+00 0.00E+00 
3 9.9E+08 0.00E+00 6.50E+04 0.00E+00 0.00E+00 
4 1.9E+09 0.00E+00 8.56E+04 0.00E+00 0.00E+00 
11/27/2018 
1 1.5E+09 1.12E+05 3.59E+04 3.34E+04 7.83E+04 
2 1.9E+09 3.60E+04 5.52E+04 1.20E+04 6.85E+04 
3 2.0E+09 6.20E+03 7.80E+04 1.31E+04 6.67E+03 
4 2.3E+09 0.00E+00 1.37E+05 0.00E+00 2.93E+04 
12/19/2018 
1 1.2E+09 4.20E+03 3.42E+04 2.00E+05 1.76E+05 
2 2.2E+09 8.12E+03 5.35E+04 0.00E+00 8.92E+05 
3 1.5E+09 8.34E+03 3.76E+04 1.86E+04 8.33E+04 
4 1.5E+09 1.28E+04 6.16E+04 1.20E+05 1.42E+04 
1/17/2019 
1 1.8E+09 0.00E+00 2.99E+02 0.00E+00 1.31E+05 
2 3.5E+09 0.00E+00 2.67E+04 6.75E+04 6.31E+04 
3 2.5E+09 1.93E+04 3.18E+04 5.09E+04 2.81E+03 
4 1.7E+09 0.00E+00 7.65E+04 4.06E+04 0.00E+00 
4/1/2019 
1 2.6E+09 0.00E+00 3.37E+02 0.00E+00 1.71E+05 
2 2.2E+09 0.00E+00 2.57E+04 0.00E+00 8.93E+05 
3 3.7E+09 0.00E+00 3.74E+04 0.00E+00 8.39E+04 
4 2.9E+09 6.87E+03 6.58E+04 0.00E+00 1.45E+04 
1 
Concentration measured in copies of gene gdw
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